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ABSTRACT
ELECTROCHEMICAL REMOVAL OF ESTROGENIC COMPOUNDS FROM
DRINKING WATER

Emily Kristine Maher
Marquette University, 2019
Estrogenic compounds in water pose a range of ecological health risks such as
fish feminization and public health risks including reproductive health issues, precocious
puberty, cancer, and increased rates of obesity and diabetes. Drinking water treatment
systems were not designed to remove estrogenic compounds. This research evaluated the
use of advanced drinking water treatment processes, specifically electrocoagulation (EC)
and electrooxidation (EO), for the removal of estrogenic compounds. Bench-scale
experiments revealed that, during EC, current density correlated well with an increase in
estrogenic compound removal, while conductivity did not impact removal. Higher stir
rates and faster polarity reversal times improved estrogenic compound removal. Iron
oxide flocs were characterized to identify the possible removal mechanisms via redox
reactions and adsorption. Higher pH yielded greater removal than neutral and low pH.
Turbidity and dissolved organic carbon had minimal impact on removal. Removal
mechanisms were evaluated through a series of experiments to determine the roles of
adsorption, indirect oxidation via oxidants generated within the bulk solution, and direct
oxidation via oxidants adsorbed to the surface of the electrode and/or direct electron
transfer. Indirect oxidation and adsorption contributed minimally to estrogenic compound
removal while direct anodic oxidation ostensibly was the major removal mechanism.
Finally, an EC-EO system was investigated for humic acid (bulk organic carbon) and
estrogenic compound removal. Employing EC as a pre-treatment process to EO
successfully removed bulk organic carbon and reduced downstream energy demand in
EO for estrogenic compound removal. The energy required to remove estrogenic
compounds through the EC-EO process was lower than EC alone, EO alone, and
literature values for other technologies. This research demonstrated that EC-EO could be
employed for simultaneous removal of bulk organic matter and estrogenic compounds.
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1

1.1

INTRODUCTION

Environmental and Public Health Concerns Associated with Estrogenic
Compounds
Estrogenic compounds have been detected in drinking water supplies, wastewater,

and surface water throughout the world (Benotti, Trenholm, et al., 2009; Caldwell et al.,
2010; Kidd et al., 2007; Kolpin et al., 2002; S. A. Snyder, Westerhoff, Yoon, & Sedlak,
2003; Vajda et al., 2008a; Vulliet, Cren-Olivé, & Grenier-Loustalot, 2011; Westerhoff,
Yoon, Snyder, & Wert, 2005; Ying, Kookana, & Ru, 2002). Estrogenic compounds can
cause negative human health and environmental impacts and have thus drawn a
significant amount of attention within the water treatment industry and within regulatory
agencies (S. A. Snyder et al., 2003; Westerhoff et al., 2005).
The estrogenic compounds studied in this dissertation include estrone (E1), 17βestradiol (E2), estriol (E3), and 17α-ethynyestradiol (EE2). E1, E2, and E3 are natural
hormones, while EE2 is a synthetic hormone. The estrogens were selected as they are the
most ubiquitous estrogenic compounds and are not readily removed in drinking water
treatment processes. All four estrogenic compounds have a similar structure including a
tetracyclic network of one phenolic ring, two cyclohexane rings, and a cyclopentane ring
(Zhang, Li, Wang, Niu, & Cai, 2015). E1, E2, E3, and EE2 are 18-C steroids that contain
a phenolic moiety, see Figure 1.1 (Li Puma, Puddu, Tsang, Gora, & Toepfer, 2010).
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Figure 1.1 Chemical structures of estrogenic compounds E1, E2, E3, and EE2
(“ChemSpider | Search and share chemistry,” n.d.).

When natural or synthetic estrogenic compounds are consumed exogenously, they
can act as endocrine disrupting compounds (EDCs) capable of mimicking, blocking,
increasing, and inhibiting naturally secreted hormones in the body. This interferes with
the natural function (i.e. synthesis, secretion, transport, binding, action, or elimination) of
the hormones in humans and in animals (National Institute of Environmental Health
Sciences, 2010; Roy, Chakraborty, & Chakraborty, 2009; Silva, Otero, & Esteves, 2012;
S. A. Snyder et al., 2003). For example, the presence of EE2 in an entire lake study led to
the feminization and near collapse of fish populations (Kidd et al., 2007; Vajda et al.,
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2008a). Human impacts due to exposure to EDCs include abnormalities in growth,
development, reproduction, and the development of hormone-dependent cancers (C. Li,
Li, Graham, & Gao, 2008; Yoshihara & Murugananthan, 2009).
As a result of the various risks, minimizing human and ecological exposure to
these EDCs should be a top priority in drinking water treatment and water reuse research.
This research need is specifically important because 86% of the United States population
is served by public water systems which means that same percent are susceptible to EDC
exposure (“Public Supply Water Use,” n.d.). This research provides a novel investigation
to advance research on electrochemical treatment technologies.

1.2

Estrogenic Compounds as Micropollutants in Drinking Water
Estrogenic compounds persist through drinking water treatment plants and

wastewater treatment plants with concentrations in the ng L -1 range (Aris, Shamsuddin, &
Praveena, 2014; Kuch & Ballschmiter, 2001; Z. H. Liu, Lu, Yin, Dang, & Rittmann,
2015; Nakada et al., 2004; Pal, Gin, Lin, & Reinhard, 2010; Vulliet et al., 2011;
Westerhoff et al., 2005; Ying et al., 2002). A conventional drinking water treatment plant
for surface water is typically comprised of chemical coagulation, flocculation,
sedimentation, filtration, and disinfection aimed at removing total suspended solids
(TSS), dissolved organic carbon (DOC), and pathogens (Reynolds & Richards, 1996). A
lab-scale simulated drinking water treatment study focusing on coagulation, flocculation,
and sedimentation removed less than 5% of estrogenic compounds (Westerhoff et al.,
2005). Ozone (O3) as well as ozone and hydrogen peroxide (O3/H2O2) have been shown
to remove estrogenic compounds; however, they require high energy (Benotti, Trenholm,
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et al., 2009; T. S. Chen & Huang, 2013; Cong, Iwaya, & Sakakibara, 2014; Feng, Y.,
Wang, C., Liu, J. and Zhang, 2010; Z.-H. hua Liu, Kanjo, & Mizutani, 2009; S. A.
Snyder, Wert, Rexing, Zegers, & Drury, 2006; S. Snyder et al., 2004; Westerhoff et al.,
2005).
There are many routes for estrogenic compounds to enter surface waters used for
drinking water treatment, including wet-weather runoff, improper disposal,
manufacturing processes, hospital waste, and discharge from wastewater treatment plants
into surface water (Daughton & Ternes, 1999; Hernando, Mezcua, Fernández-Alba, &
Barceló, 2006). Humans and animals excrete estrogenic compounds through urine and
feces as sulfated or glucuronided conjugates, or in their un-conjugated forms, which pass
through wastewater treatment (Yoshihara & Murugananthan, 2009). Microorganisms in
wastewater treatment systems can de-conjugate the glucuronides or sulfate forms of the
estrogenic compounds and re-form the biologically active parent compound (C. Y. Chen
et al., 2007). Of the micropollutants frequently identified in wastewater effluent,
estrogenic compounds are viewed as the greatest potential concerns due to their
ecotoxicological effects (Pal et al., 2010).

1.3

Electrochemical Treatment for the Removal of Estrogenic Contaminants
A number of technologies have been investigated for the removal of estrogenic

compounds. Conventional drinking water treatment is inadequate and chemical advanced
oxidation techniques require additional energy and/or chemical inputs. The multimechanistic removal of electrochemical treatment technologies, including a mix of
adsorptive processes, redox reactions, reactive oxygen species, radical formation, and
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direct electron transfer, is highly attractive for mitigating recalcitrant bioactive
compounds (Pablo Cañizares, García-Gómez, Lobato, & Rodrigo, 2004b; Sirés & Brillas,
2012). Electrochemical treatment is usually divided into two groups: (1) separation
technologies and (2) oxidation and conversion to transformation products (Sirés &
Brillas, 2012). The major advantage of these technologies is that the main fuel is the
electron and they require little additional input (Sirés & Brillas, 2012).
Two major electrochemical water treatments are electrocoagulation (EC) and
electrooxidation (EO). EC is a separation technology that, after the application of a power
source, generates a metal oxide coagulant in-situ from sacrificial electrodes, such as iron
or aluminum (H. Liu, Zhao, & Qu, 2010). One advantage of EC over conventional
coagulation is that no additional chemicals are required as inputs. Additionally, the EC
process produces redox reactions that could help remove estrogenic compounds. EO is an
electrochemical advanced oxidation technology that is capable of oxidizing pollutants
after power application to an inert electrode through the production of reactive oxygen
species and direct electron transfer at the anode surface (Panizza, 2010). The efficiency
of these methods is greatly influenced by the nature and material of the electrodes.
The use of iron EC for the removal of estrogenic compounds has not been
previously investigated. Due to the non-adsorptive behavior of estrogenic compounds and
iron oxides, the likelihood of adsorption interactions would be minimal. However, the
potential for estrogenic oxidation through direct electron transfer oxidation on the surface
of the electrode or through the production of intermediate oxidation species is highly
feasible (Pablo Cañizares et al., 2004b; Keenan & Sedlak, 2008b; L. Li et al., 2012). EO
technologies have been investigated for the removal of estrogenic compounds; however,
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the data is limited due to variations in the electrodes as well as inconsistent reactor
designs, and operational parameters tested. Moreover, no research has been conducted to
understand if EC can be used as a pre-treatment process to EO to reduce energy demands
for estrogenic compound removal.

1.4

Research Objectives
The overall objective of this research was to quantify the removal of estrogenic

compounds using EC and EO treatment technologies. The compounds were selected as
they are the most prevalent estrogenic compounds and are not readily removed in
drinking water treatment processes. The general approach was to use lab-scale batch
reactors dosed with known amounts of estrogens to evaluate the system for removal
efficiency and energy consumption with varying water quality and operational
parameters. A review of relevant literature is presented in Chapter 2.
Specifically, the first objective was to evaluate how reactor operational
parameters (current density, conductivity, stir rate, and polarity reversal) impacted the
removal of estrogenic compounds using iron EC. A lab-scale batch reactor analysis was
conducted to determine the reactor kinetics and characterize the iron oxide floc produced.
These experimental results are presented in Chapter 3.
The second objective was a follow-up to Objective 1, in which the impact of
water quality on the removal of the estrogenic compounds was evaluated in addition to
quantifying the approximate contribution of various removal mechanisms using iron EC.
The impact of varying pH, turbidity, and DOC on the removal of the estrogenic
compounds was assessed. The results of this study are presented in Chapter 4.
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The third objective was to determine the ability of a sequential EC-EO system to
improve energy consumption for an electrochemical treatment system to remove bulk
organic matter (i.e. humic acid) and estrogenic compounds. The approach for this study
was to develop the EC portion of the batch reactor system to focus on the removal of
humic acid (aromatic fraction of dissolved organic carbon) prior to EO treatment, which
was aimed at the removal of estrogenic compounds. The purpose of this sequence was to
reduce energy consumption from the oxidation of DOC in EO by removing it upstream
via adsorption in EC. Operational parameters for each portion of the treatment train were
evaluated (current density, treatment time, flocculation stir rate, EO pH, and influence of
initial humic acid concentration). In addition, a comparison of electrical energy per order
for a number of advanced oxidation technologies was performed to determine if EO was
more efficient paired with EC. The experimental results for this objective are in Chapter
5. Finally, the overall conclusions are provided in Chapter 6.
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2

LITERATURE REVIEW: ELECTROCHEMICAL DRINKING WATER
TREATMENT AND REMOVAL OF ESTROGENIC COMPOUNDS

Nomenclature
A
w
j
t
m
n
F
CLR
MLR
φ
pKa
Kow

2.1

electrode area (cm2)
mass of metal dissolved per electrode surface area (g cm-2)
current density (mA cm-2)
time of electrolysis (s)
molar mass of the electrode material (g mol-1)
number of electrons transferred in anodic dissolution
Faraday’s constant (96,500 C mol-1)
charge loading rate (C L-1 min-1)
metal loading rate (g L-1 min-1)
current efficiency
acid dissociation constant
octanol-water distribution coefficient

Environmental Estrogenic Compounds
Endocrine disrupting compounds (EDCs), including estrogenic compounds, are

synthetic or natural compounds that are able to interfere with, or mimic, the function of
natural hormones (National Institute of Environmental Health Sciences, 2010). The
research presented in this dissertation focused on the removal of natural and synthetic
estrogenic compounds including estrone (E1), 17β-estradiol (E2), and estriol (E3), and
17α-ethynylestradiol (EE2) from drinking water.
E1, E2, and E3 are excreted by the ovaries and placenta in humans and animals
and are primarily female hormones (Ying et al., 2002). EE2 is a synthetic steroid estrogen
used mainly in birth control and steroid replacement therapy (Amber Wise, O’Brien, &
Woodruff, 2011). EDCs interfere with hormonal binding receptors, causing a disturbance
in the natural signaling processes of the body (Roy et al., 2009). EDCs are capable of
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impacting the thyroid and adrenal gland functions and may cause diseases in the
endocrine, reproductive, and nervous system and are associated with immune dysfunction
and inflammation (Kuo, Yang, Kuo, & Hung, 2012). The most important of these
compounds in females is E2, which is excreted by the ovary. E2 is oxidized to E1 by a
17β-hydroxy steroid in the liver. Some E1 re-enters circulation, however, most is further
metabolized to E3 (Nussey, 2001). E3 is produced in females during pregnancy by the
fetal placental unit and is not found in large quantities in non-pregnant females. E3
progressively increases over the course of the pregnancy (Bouvier et al., 2002). The
estrogenic potency of these compounds is evaluated and measured relative to E2, which
has an estradiol equivalent (EEQ) value of 1. The estimated EEQs of the study
compounds are: 2.0 for EE2, 1.0 for E2, 0.2 to 0.4 for E1, and 0.024 to 0.026 for E3 (A.
Wise, O’Brien, Woodruff, & Grzybowski, 2011). The estimated daily excretions for
estrogenic compounds, typically excreted with urine, for humans are listed in Table 2.1
(A. Wise et al., 2011).
Table 2.1 Estimated daily estrogen excretions by humans in g/day per person (adapted
from Wise et al., 2011)

Males
Menstruating Females
Menopausal Females
Pregnant Women

E1
3.9
8
4
600

E2
1.6
3.5
2.3
259

E3
1.5
4.8
1
6000

Total estrogens
7
16.3
7.3
6859

Estrogenic compounds have been detected in surface water, drinking water,
groundwater, and wastewater, leading to potential for public and environmental health
risks (Benotti, Trenholm, et al., 2009; Conley et al., 2017; Daughton & Ternes, 1999;
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Kolpin et al., 2002; Kuch & Ballschmiter, 2001; S. A. Snyder et al., 2003; Ternes, 1998;
Westerhoff et al., 2005). Estrogenic compounds are present in environmental waters and
drinking water mostly because they persist through conventional wastewater and drinking
water treatment (Kuch & Ballschmiter, 2001; Westerhoff et al., 2005). They are typically
detected in trace concentrations in drinking water (ng L -1 to µg L-1 range) (Sirés &
Brillas, 2012). The occurrence of estrogenic compounds in drinking water and the
environment drives the need for technological advancements for their removal from
drinking water as there has been a heightened awareness of ecological and human health
impacts (Daughton & Ternes, 1999; Westerhoff et al., 2005).
The removal of estrogenic compounds in drinking water treatment is variable.
Westerhoff et al. (2005) simulated a coagulation/flocculation process using alum and
ferric chloride as coagulants and observed removals of E1, E2, and EE2 of 5%, 2%, and
0%, respectively (Westerhoff et al., 2005). In the Westerhoff et al. (2005) study, chemical
lime softening was also evaluated and achieved comparable removal of E1, E2, and EE2
to alum or ferric chemical coagulation (Westerhoff et al., 2005). A number of advanced
oxidation processes (AOPs), including ozone (O3) or ozone and hydrogen peroxide
(O3/H2O2) offer exceptional removal of estrogenic compounds. However, the potential
for disinfection byproduct formation and lack of applicability to more rural communities
makes them a less appropriate technology (Benotti, Trenholm, et al., 2009; T. S. Chen &
Huang, 2013; Cong et al., 2014; Feng, Y., Wang, C., Liu, J. and Zhang, 2010; Z.-H. hua
Liu et al., 2009; S. A. Snyder et al., 2006; S. Snyder et al., 2004; Westerhoff et al., 2005).
As a result of the potential risks and presence of estrogenic compounds in
environmental waters, the United States Environmental Protection Agency’s (USEPA)
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Contaminant Candidate List version 4 (CCL4) includes E1, E2, E3, and EE2. The
USEPA CCL4 is comprised of emerging contaminants not regulated by drinking water
standards, but which are likely present in public drinking water systems and are of
interest due to potential public health risks. Compounds listed on the CCL4 require more
research to understand their potential for removal by conventional and advanced
treatment processes before regulatory determinations (US EPA, 2016).
A prime example of some of the environmental impacts of these unregulated
estrogenic compounds is the feminization of fish. Kidd et al. (2007) conducted a 7-year
entire lake experiment in Northwest Ontario in which the chronic exposure of EE2, dosed
at 5-6 ng L-1, led to male feminization and near population extinction of the fathead
minnow population in the lake. The dose of EE2 was not an environmentally relevant
concentration, which is approximately 0.1-0.6 ng L-1, but was an environmentally
relevant dose in terms of estradiol equivalents (EEQ) (Amber Wise et al., 2011). The
chronic exposure increased the occurrence of intersex fish and decreased the male fathead
minnow population (Kidd et al., 2007). Additionally, a study from Vajda et al. (2008)
evaluated the sex of white sucker fish upstream and downstream of a wastewater
treatment outfall in Boulder, CO (Vajda et al., 2008b). There was a large change in the
sex distribution of the white suckers from 36-46% male upstream to 17-21% downstream
of the wastewater treatment plant outfall. The decrease in male population was a result of
the complex mixture of estrogenic compounds found in the wastewater, including E2,
EE2, alkylphenols, and bisphenol A (Vajda et al., 2008b). Estrogenic compounds are
present in surface waters and are not readily removed by conventional drinking water
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treatment. Accordingly, advanced treatment technologies have been studied for the
removal of estrogenic compounds from drinking water.
An emerging research field for drinking water treatment is the use of
electrochemical technologies, specifically electrocoagulation (EC) and electrooxidation
(EO). EC is the in-situ generation of metal hydroxide coagulants through the use of
sacrificial electrodes (Feng, Y., Wang, C., Liu, J. and Zhang et al., 2010; Mollah et al.,
2004). EO couples the use of indirect oxidation via oxidant generation and direct
oxidation via electron transfer at the surface of the electrodes (Zaviska, Drogui, Blais,
Mercier, & Lafrance, 2011).
EC has demonstrated the ability to remove a variety of pollutants, including
natural organic matter (NOM) (Dubrawski & Mohseni, 2013b), chemical oxygen demand
(COD), biochemical oxygen demand (BOD), suspended matter, phosphate (Rajeshwar,
Ibanez, & Swain, 1994), arsenic (Heffron, Marhefke, & Mayer, 2016; L. Li et al., 2012),
chromium (Heidmann & Calmano, 2008; Pan, Troyer, Catalano, & Giammar, 2016),
perfluoroalkyl acids (Lin, Wang, Niu, Yue, & Huang, 2015), and atrazine (Zhou, Bu, Shi,
Bi, & Yi, 2016). To date, no known research has been done to evaluate the use of EC for
the removal of estrogenic compounds. EO has demonstrated the ability to remove many
micro-organic contaminants, including E2 (Yoshihara & Murugananthan, 2009), EE2
(Frontistis, Brebou, Venieri, Mantzavinos, & Katsaounis, 2011), phenol-containing
aqueous wastes (Pablo Cañizares, García-Gómez, Lobato, & Rodrigo, 2004a), diclofenac
(Hou, Qu, Zhao, Liu, & Qiang, 2009), trimethoprim (Martins, Mallmann, Arsand, Mayer,
& Brenner, 2011), and sulfamethoxazole (Boudreau, Bejan, & Bunce, 2010; Sirés &
Brillas, 2012). While EO has been evaluated for use in the removal of some estrogenic
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compounds, existing research did not evaluate the process energy efficiency or pair the
system with another technology to further the development of an appropriate useful
technology.
The purpose of the following literature review sections was to provide a summary
of the current knowledge within the scientific body of literature to effectively review the
relevant knowledge gaps and the theoretical basis for electrochemical removal of
estrogenic compounds. The overall discussion draws from published literature focused on
the principles of EC and EO, kinetics, mechanisms, influence of water quality, and
quantitative methods relevant to EC and EO. There has been a great deal of research on
electrochemical technologies specifically for use in wastewater treatment, but research
gaps persist in the fundamental aspects of using these advanced treatment technologies
for removal of estrogenic compounds from drinking water. Without this knowledge, the
development and implementation of electrochemical technologies for organic
micropollutants in drinking water cannot progress. Some of the gaps in developing EC
and EC-EO technologies for the removal of estrogenic compounds have been addressed
in Chapters 3, 4, and 5.

2.2

Iron Electrocoagulation
EC is the dissolution of a sacrificial anode in-situ after the application of a DC

power source intended for the production of a metal hydroxide coagulant in an
electrochemical cell, see Fig. 2.1 (H. Liu et al., 2010).
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Figure 2.1 Schematic of a two-electrode EC reactor (adapted from Mollah et al., 2004).

During the dissolution process, metal ions are released from the anode as the
anode material undergoes oxidation and produces oxygen gas (Mollah et al., 2004). At
the cathode, reduction occurs, wherein the hydrolysis of water forms hydroxide ions and
hydrogen gas (Mollah et al., 2004). The hydroxides react with the metal released and
form a metal hydroxide floc. The oxidation at the anode and reduction at the cathode
reactions with the metal “M” are described in reactions 2.1, 2.2, 2.3, and 2.4 (H. Liu et
al., 2010; Mollah et al., 2004).
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At the anode (H. Liu et al., 2010):

𝑛+
𝑀𝑠 → 𝑀(𝑎𝑞)
+ 𝑛𝑒 −

2.1

+
2𝐻2 𝑂(𝑙) → 4𝐻(𝑎𝑞)
+ 𝑂2(𝑔) + 4𝑒 −

2.2

At the cathode (H. Liu et al., 2010):
+

𝑛
𝑀(𝑎𝑞)
+ 𝑛𝑒 − → 𝑀(𝑠)

2.3

2𝐻2 𝑂(𝑙) + 2𝑒 − → 𝐻2(𝑔) + 2𝑂𝐻 −

2.4

Iron or aluminum electrodes are typically used for EC. In this dissertation
research, iron was used because of the possibility for high-valent iron species oxidants
formation. The use of iron produces a variety of different iron oxide species, depending
on pH, including iron hydroxides such as Fe(OH) 2 and Fe(OH)3. However, there have
been previously conflicting reports as to whether Fe(II) or Fe(III) are generated during
hydrolysis in Fe-EC (Lakshmanan, Clifford, & Samanta, 2009). Currently, there is a
seemingly agreed upon process is the generation of Fe(II) at the anode, oxidation to
Fe(III) via reaction with dissolved oxygen and the formation and precipitation of an
iron(III) oxide or oxyhydroxide (Lakshmanan et al., 2009; Wan, Pepping, Banerji,
Chaudhari, & Giammar, 2011). The iron oxide formation may proceed as the electrolytic
reaction 2.5 but may produce differing structures including maghemite, magnetite,
goethite, and lepidocrocite (Al-Shannag, Al-Qodah, Bani-Melhem, Qtaishat, &
Alkasrawi, 2015; H. Liu et al., 2010; Van Genuchten, Peña, Amrose, & Gadgil, 2014;
Wan et al., 2011).
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4𝐹𝑒 2+ + 𝑂2 + 2𝐻2 𝑂 + 8𝑂𝐻 − → 4𝐹𝑒(𝑂𝐻)3 (𝑠)

2.5

The type of iron hydroxides formed and relative iron concentrations in solutions
are highly dependent upon the presence of dissolved oxygen, pH, and the electrolysis
time. As EC proceeds, there is a transient increase in pH at the anode from the release of
an Fe(II) and the production of OH- at the cathode that has not yet been consumed by the
rapid oxidation of Fe(II) to Fe(III), which is followed by the subsequent iron oxide
precipitate formation (Lakshmanan et al., 2009; L. Li et al., 2012). In addition, there is a
transient pH increase as electrolysis proceeds because of the formation of OH- at the
cathode (Lakshmanan et al., 2009). With the increase in pH, there is a decrease in soluble
Fe(II) concentrations and the Fe(II) completely oxidizes to Fe(III), followed by the
formation of iron hydroxide species (Lakshmanan et al., 2009).
From the formation of the iron oxide solids, there are a number of possible
contaminant removal mechanisms, including adsorption, indirect oxidation, and direct
oxidation. These mechanisms will be outlined in Section 2.2.1. No research has been
done to determine the removal mechanisms of estrogenic compounds in EC. With
unknown major removal mechanisms, the growth of the technology and development of a
more efficient system is limited. The estrogenic compound removal mechanisms are
addressed in research presented in Chapter 4.
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2.2.1 Removal mechanisms of estrogenic compounds during EC
The possible removal mechanisms of estrogenic compounds via EC include
adsorption to the in-situ formed iron oxide floc, indirect oxidation from oxidants formed
in solution, and direct oxidation on the surface of the electrode. Understanding these
mechanisms requires knowledge of the iron oxide, the reactions occurring in the solution
and at the surface of the electrode during electrolysis, and the characteristics of the
pollutants. In this section, each mechanism is described and discussed.
2.2.1.1 Adsorption mechanisms
The adsorption of organic compounds onto precipitated metal oxides is highly
dependent upon the contaminants, surface properties, and formation of the floc. The
contaminant itself may either be dissociated or neutral and polar or non-polar. EC iron
oxide flocs have a crystalline structure, are highly porous and fractal with a high surface
area (Cornell, Schwertmann, & John Wiley & Sons., 2003; Lin et al., 2015; Maher,
O’Malley, Heffron, Huo, Mayer, et al., 2019). The adsorption of pollutants is highly
dependent upon floc formation and thus the amount of floc produced as a result of metal
ions released from the anode (Mollah et al., 2004). The quantity of ions is a function of
the dosing time, current density (mA cm-2), and charge loading (Mollah et al., 2004).
Adsorption, as is in conventional coagulation and flocculation treatment systems, is
highly dependent upon pH, which generally impacts the speciation and zeta potential
(charge) of the iron oxide floc. There are a number of potential iron oxide products
formed, and to further understand the products, floc characterization analysis is required
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to assess the structure and shape, charge, size, and main components of the potential
adsorptive performance.
In some previous EC studies, the iron oxide flocs from the dissolution of Fe(0)
were identified as lepidocrocite (γ-FeOOH) (Dubrawski & Mohseni, 2013a; Van
Genuchten et al., 2014; Wan et al., 2011). Lepidocrocite is a common oxidation product
of Fe(II) via dissolved oxygen under ambient conditions (Cornell et al., 2003). The bulk
solution pH influences the surface charge of the iron hydroxide flocs, and thus the zeta
potential. When the pH of the solution is greater than the PZC, the net surface charge of
the floc carries a net negative charge and will repulse anions (Tong, Mayer, &
McNamara, 2016). The point of zero charge (PZC) for γ-FeOOH ranges from 6.7 to 7.45
and the dissociation constants are approximately 6.3 and 8.3 (Cornell et al., 2003). From
these data, when the charge of the floc is net positive, no deprotonated estrogenic
compounds are present as E1, E2, E3, and EE2 have acid-dissociation constants greater
than 10.3 (See Table 2A in Appendix 2A). Thus, the adsorption of estrogenic compounds
to iron oxide floc due to direct coulombic attraction is unlikely.
To date, no research has been done to evaluate the ability of estrogenic
compounds to adsorb to iron oxide EC floc. In addition, there is no research comparing
the adsorption of estrogenic compounds in EC, adsorption of pre-formed EC floc, or
adsorption during conventional chemical coagulation. The research in Chapter 4
addresses these research gaps. Furthermore, no research has been conducted on the
impact of estrogenic compound removal in EC relative to the characterization of floc
formed including speciation and structure determination via x-ray diffraction (XRD), zeta
potential, scanning electron microscope (SEM), and energy dispersive x-ray spectroscopy
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(EDX). These tools are a specific research need to understand the EC floc and estrogenic
compound interactions. These research gaps are addressed in Chapter 3. The impact of
pH and electrolysis time on floc formation for the removal of estrogenic compounds is
addressed in Chapter 4.
2.2.1.2 Indirect oxidation
Indirect oxidation occurs in the solution after the generation of oxidants in-situ.
The oxidants produced vary depending upon electrode material, electrolyte, alkalinity,
and other constituents present in the bulk solution. Oxidants such as ferryl iron (Fe(IV)),
reactive oxygen species (ROS [●O2-, ●OH, H2O2, and ●SO4]), and carbonate radicals
(●CO3-) can be formed during EC (Barazesh, Prasse, & Sedlak, 2016; Du, Zhang,
Hussain, Huang, & Huang, 2017; Hug & Leupin, 2003).
The formation of Fe(IV) is based on the dissolution of zero-valent iron Fe(0)
forming Fe(II), making the Fe(II)/O2 system relevant (L. Li et al., 2012; Wan et al.,
2011). The generated Fe(II) is rapidly oxidized, leading to the formation of a number of
iron hydroxides that are capable of adsorption (as detailed in Section 2.2.1.1). The
majority of the equations established the basis for the production of Fe(IV) and ROS and
were developed in a number of studies related to the Fe(II)/O2 system (Keenan & Sedlak,
2008b; L. Li et al., 2012). After, Fe(II) is oxidized to Fe(III) via several intermediate
reactions, ●OH and Fe(IV) will likely form, see Eq. 2.6 through 2.12 (Keenan & Sedlak,
2008b; L. Li et al., 2012).
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Fe(0) → Fe(II) + 2e-

2.6

2H+ + 2e- → H2(g)

2.7

Fe(II) + O2 → ●O2- + Fe(III)

2.8

Fe(II) + ●O2 - + 2H+ → Fe(III) + H2O2

2.9

Fe(II) + H2O2 →Intermediate Reactions (IR)

2.10

IR → ●OH

2.11

IR → Fe(IV)

2.12

In EC, Fe(IV) is considered the major oxidant produced and is generally
considered the intermediate oxidant produced in the Fe(II)/O 2 system at neutral pH (Hug
& Leupin, 2003; Keenan & Sedlak, 2008b; L. Li et al., 2012). For electrochemical
dissolution of zero-valent iron and subsequent oxidation of Fe(0) to produce the Fe(II),
H2O2 is produced (Keenan & Sedlak, 2008b). H2O2 may also be formed from Fe(II)
reacting with oxygen and then a superoxide (reactions 2.8 and 2.9) (Keenan & Sedlak,
2008b). At pH values greater than 5, reactions 2.8 and 2.9 are responsible for the
formation of the H2O2. If the H2O2 reacts with the Fe(0), this will generate Fe(II) or H2O.
If H2O2 reacts with Fe(II) (Fenton’s reaction), this will generate either ●OH or Fe(IV)
(Keenan & Sedlak, 2008b). The oxidant produced is dependent upon Fe(II) speciation
and can be identified through analysis of possible oxidation products of the contaminant.
Following the oxidation reactions, the Fe(III) may form an iron hydroxide (as mentioned
in Section 2.2.1.1) (Keenan & Sedlak, 2008b). The system of equations provided are
estimates based on studies conducted using the zero-valent iron dissolution equation. The
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electrochemical system will resemble a similar iron dissolution process, while likely
influencing the dissolution kinetic rates.
Up to now, little research has been conducted on the possible formation of highvalent iron species in EC technologies. No known research has been conducted that has
indirectly detected the formation of high-valent iron species using EC for the removal of
estrogens. This research gap is addressed in Chapter 4.
2.2.1.3 Direct oxidation or reduction
In EC, direct oxidation and reduction occurs at the surface of the anode and
cathode through direct electron transfer (X. Chen, Chen, & Yue, 2000; Hakizimana et al.,
2017; Heidmann & Calmano, 2008). Direct oxidation is a process similar to that
described for inert electrodes (non-sacrificial) in which the organic material can exchange
an electron on the surface of the electrode where the anode acts as an electron sink (Pablo
Cañizares et al., 2004b). In addition, if an electrogenerated compound (adsorbed oxidant)
remains on the surface of the electrode, the adsorbed oxidant can oxidize an organic
pollutant in the solution near the electrode surface (Pablo Cañizares et al., 2004b). The
discussion in literature regarding anodic oxidation and cathodic reduction during EC is
limited. Direct oxidation is focused on in greater detail in EO studies. The limitation of
this direct oxidation in EC discussions and data may limit the determination of
mechanisms occurring in EC, the estimates of removal due to specific mechanisms for
specific compounds, and further development of a widely applicable system.
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Anodic oxidation is possible in EC, although it is rarely included in EC studies
and models. Currently, there has not been research on the role of oxidation in EC for the
removal of estrogenic compounds. This research gap is addressed in Chapter 4.
2.2.2 Kinetics of degradation
EC is a complex process used to remove a variety of pollutants through three
major removal mechanisms: adsorption to the iron oxide floc, indirect oxidation, and
direct oxidation. The kinetic modeling of EC processes has been investigated by a
number of researchers (Ahmadian et al., 2012; Al-Shannag et al., 2015; Butler, Hung,
Yeh, & Suleiman Al Ahmad, 2011; Chithra & Balasubramanian, 2010; Ouaissa, Chabani,
Amrane, & Bensmaili, 2014; Uǧurlu, Gürses, Doǧar, & Yalçin, 2008). Other researchers
focus on the processes occurring in EC and have attempted to model the system based on
the adjustable parameters corresponding to the rates of chemical processes (Pablo
Cañizares et al., 2004b; Szpyrkowicz, 2005). Some previously developed models
describe the electrochemical system as it relates to the removal of an organic compound
(Szpyrkowicz, 2005), the efficiency of the electrochemical coagulation process due to the
electrophoretic movement of flocs and compounds to the anode (Matteson et al., 1995),
and the electrochemical dissolution of the sacrificial electrodes together with the
oxidation and reduction of water (P. Cañizares, Carmona, Lobato, Martínez, & Rodrigo,
2005; Pablo Cañizares et al., 2004b).
In addition, there are elementary modeling systems that have been commonly
used for modeling adsorption kinetics and oxidation reactions in EC systems. These
include the general pseudo-first order, second-order, Lagergren’s pseudo-first order
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adsorption kinetics, and Lagergren’s second-order adsorption kinetics (Al-Shannag et al.,
2015; Khatibikamal, Torabian, Janpoor, & Hoshyaripour, 2010; Moussout, Ahlafi,
Aazza, & Maghat, 2018).
While the kinetic data from the removal of organic compounds is useful for
kinetic model recommendations, there have still been no kinetic evaluations specifically
for estrogenic compounds. This knowledge will be helpful in estimating possible removal
mechanisms and the behavior of the estrogenic compounds in EC by comparing kinetic
rate constants to previous literature values from the removal of estrogenic compounds
with other oxidation and adsorption technologies. This research gap is addressed in
Chapter 3.
2.2.3 Important operation parameters for EC
2.2.3.1 Reactor design and electrode arrangement
The EC reactor design must take into consideration a number of factors including
the electrical potential difference due to solution resistance (IR-drop), accumulation of
oxygen and hydrogen on the surface of the electrodes, oxide layers on the surface of the
electrode (passivation layer), and electrode arrangement (monopolar or bipolar
connection) (H. Liu et al., 2010; Mollah et al., 2004). The IR-drop is dependent upon the
solution conductivity, the inter-electrode distance, and the overall electrode geometry
(Mollah et al., 2004). Therefore, the IR-drop and electrode passivation can be minimized
by having a high solution conductivity, small electrode distance, increasing reactor
turbulence, and polarity reversal (Mollah et al., 2004).
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For experimental purposes, electrodes are typically vertical metal plates in a
bipolar arrangement and the water flows between and around the plates (G. Chen, 2004;
H. Liu et al., 2010). The plate arrangement can be in one or more pairs of electrodes
depending on the scale of the system. Other options include cylindrical design, multichannel flow through, or single channel flow through systems (H. Liu et al., 2010;
Mollah et al., 2004).
2.2.3.2 Current density, stir rate, and polarity reversal
Current Density: The current density is the current per active anode surface area
with units typically in mA cm-2. The operating current density is arguably the most
important parameter in electrochemical treatment processes because it is the only
parameter that can directly control the coagulant dose (Holt, Barton, & Mitchell, 2005; H.
Liu et al., 2010). In addition, the current density impacts the mixing through
electrophoretic movement in solution and the mass transfer at the surface of the electrode
(Holt et al., 2005; H. Liu et al., 2010; Mollah et al., 2004).
During an experiment, the sacrificial electrodes are connected to an external direct
current power source. The dissolution of the anode is dependent upon the amount of
electricity passed through the electrolytic system. The theoretical amount of dissolution is
quantified in accordance with Faraday’s Law of Electrolysis. Current density can be
directly controlled with either electrode area or current (Dubrawski & Mohseni, 2013b;
Holt et al., 2005). The current density is directly related to the iron oxide dosing rate,
mass transfer, and redox reactions occurring at the electrode surface (Holt et al., 2005).
Current density is also correlated to current efficiency and charge loading, whereby an
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increasing current leads to a decrease in current efficiency even with an increase in
charge loading (Dubrawski & Mohseni, 2013b). Faraday’s law (eq. 2.1) describes the
relationship between current density (j; mA cm-2) and the mass of metal dissolved (w; g
cm-2) using the time of electrolysis (t; s), the molar mass of the electrode material (m; g
mol-1), the number of electrons transferred in anodic dissolution (n), and Faraday’s
constant (F, C mol-1).

𝑤=

𝑗𝑡𝑚
𝑛𝐹

eq. 2.1

Dubrawski et al. (2013) described the relationship between charge loading rate
(CLR; C L-1 min-1), metal loading rate (MLR; g L-1 min-1), and current efficiency (φ)
using a form of Faraday’s law (eq. 2.2) where current efficiency (φ) is the fraction of
actual mass of metal dissolved in solution relative to the theoretical mass calculated from
Faraday’s law.

𝑀𝐿𝑅 =

𝜑∙𝐶𝐿∙𝑚
𝑛𝐹

eq. 2.2

Increasing the current typically increases the metal oxides produced, redox
reactions occurring, pollutant removal, and charge loading rate (CLR) (C L-1 min-1)
(Dubrawski & Mohseni, 2013b). The CLR is tantamount to the dosing rate (mg L -1 min1

), which is the rate of coagulant production normalized to the reactor volume

(Dubrawski & Mohseni, 2013b). Therefore, increasing the current increases the dose of
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the in-situ generated coagulant and the number of redox reactions occurring at the anode,
as there is an increase in electron transfer at the electrode surface (Mollah et al., 2004).
No research has been conducted on the role of current density in EC on the removal of
estrogenic compounds. This research gap is addressed in Chapter 3.
Stir rate: Turbulence or stir rate in a batch reactor can have a large impact on
reactor performance (Mollah et al., 2004). The increase in velocity over the electrode
surface enhances mass transport of the metal ions from the surface of the anode into the
bulk solution, which in turn increases direct and indirect oxidation (Mollah et al., 2004).
An increase in stir rate can also reduce passivation on the surface of the electrodes
(Mollah et al., 2004). No research has been conducted on the role of stir rate in EC on the
removal of estrogenic compounds. This research gap is addressed in Chapter 3.
Polarity reversal: Polarity reversal is the reversal of the current flow back-andforth from the anode to the cathode and is capable of inhibiting the formation of the
passivation layer, thus improving reactor performance (Mollah et al., 2004). A shorter
polarity reversal time to eliminate the passivation layer may be beneficial by increasing
overall removal efficiency. Electrode passivation is the formation of an insulating oxide
layer at the electrode surface and is damaging to reactor performance and current
efficiency (H. Liu et al., 2010; Mollah et al., 2004). The thickness of the passivation layer
will increase with time and inhibit electron transfer to remove the targeted pollutant (H.
Liu et al., 2010). Elimination of the passivation layer will likely improve organic
contaminant removal by inducing a concentration gradient which will cause diffusion to
the electrode through the equilibration of the organic compound concentration in solution
versus at the electrode surface. The concentration at the electrode surface will gradually
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approach zero through oxidation of organic compounds near the surface, thereby
increasing the rate of diffusion to the electrode surface and then ultimately decreasing the
estrogenic compound concentration in the bulk solution. No research has been conducted
on the role of polarity reversal in EC on the removal of estrogenic compounds. This
research gap is addressed in Chapter 3.
2.2.4 Impact of water quality
Impact of conductivity: The electrolytic conductivity of a water is very important
for EC as it will impact the potential through the solution (H. Liu et al., 2010). A higher
conductivity will increase current efficiency and reduce electrode passivation, and as a
result will reduce treatment cost (H. Liu et al., 2010). In addition, the specific
conductivity of the solution is directly related to the IR-drop, along with the current,
electrode surface area, and distance between the electrodes (Mollah et al., 2004). Typical
electrolytes to amend conductivity in EC on the removal of estrogenic compounds
include sodium sulfate and sodium chloride. This research gap is addressed in Chapter 4.
Impact of pH: Solution pH is crucial to the EC and chemical coagulation process.
The pH dictates the speciation of the metal oxides formed and the various complex
compounds formed through hydrolysis and polymerization reactions (H. Liu et al., 2010).
The Fe(II)/Fe(III) system is highly dependent upon pH as it can impact the reaction rates
and solubility of iron species (L. Li et al., 2012). At higher pH, Fe is rapidly oxidized to
Fe(III) immediately following generation and, during the Fe(II)/Fe(III) reactions,
contaminants are oxidized (L. Li et al., 2012). During EC, there is a transient pH increase
that leads to faster Fe(II) oxidation compared to chemical coagulation. At pH below 7.5

28
and in low dissolved oxygen conditions, there is incomplete oxidation of Fe(II) to Fe(II),
resulting in a mixture of soluble Fe(II) and insoluble iron oxide products (Lakshmanan et
al., 2009). In other studies, during iron EC an adjusted pH of 6.0 yielded greater DOC
removal after EC with shorter time at high current density (Dubrawski & Mohseni,
2013b). The pH of 6 found to improve DOC removal in Dubrawski et al. (2013) EC
studies coincides with the recommended pH for chemical coagulation (between 4-6),
where previous studies for DOC removal in EC recommended a pH between 7-7.6
(Dubrawski & Mohseni, 2013b).
While the pH investigations from other EC studies were valuable for DOC
removal in Chapter 5, no research has been conducted on the role of pH in EC on the
removal of estrogenic compounds. In addition to pH, no known research has been
conducted on the impact of turbidity and DOC concentrations in EC for the removal of
estrogenic compounds. These research gaps are addressed in Chapter 4.

2.3

Electrooxidation
EO is an advanced oxidation process that employs non-sacrificial electrodes to

oxidize pollutants. The performance of EO is dependent upon the complex relationship
between a number of parameters (e.g., current density, electrode material, cell design,
mass transport regime, and water matrix) that can be optimized to achieve complete
mineralization of organic contaminants (Panizza, 2010). This section discusses the EO
mechanisms, impact of water quality parameters, and impact of operational parameters
on estrogenic compound removal through EO.
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2.3.1 Electrooxidation Mechanisms
EO of organic pollutants occurs either indirectly or directly in EO, which is highly
dependent upon the nature of the electrode material, water matrix, system parameters and
electrolyte. Indirect oxidation occurs via an electroactive mediator, which transfers
electrons from the electrode to the organic pollutant (Panizza, 2010). During EO,
oxidants (hydroxyl radicals, sulfate radicals, carbonate radicals, free chlorine, and
peroxodisfulate or peroxomonosulfate) are generated in-situ, which facilitates indirect
oxidation (Barazesh et al., 2016; Govindan, Raja, Noel, & James, 2014; Panizza, 2010;
Zhao, Zhang, Quan, & Chen, 2010).Direct oxidation takes place through electron transfer
on the surface of the electrode without the involvement of any other substance or through
an adsorbed mediator oxidant on the surface of the electrode (Figure 2.2) (Panizza, 2010).
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Figure 2.2 Mechanisms of EO for the removal of organic (“R”) contaminants via (A.)
direct oxidation, (B.) indirect oxidation via hydroxyl radicals, and (C.) indirect oxidation
via inorganic redox mediators, where “(Red.)el” is the reduced form of the couple off the
electrode surface, “Red.bulk” is the reduced form of the mediator in the bulk solution,
“Ox. el” is the oxidized form of the couple onto the electrode surface, and “Ox. bulk” is the
oxidized form of the mediator in the bulk solution (Adapted from Panizza, 2010).

Various electrode materials have been used in EO, including doped-SnO2, PbO2
and doped-PbO2, boron-doped diamond (BDD), doped-TiO2, Pt, RuO2, and IrO2
(Chaplin, 2014; Panizza, 2010). These electrodes produce ●OH from the oxidation of
water on the surface of the anode (reaction 2.13) and the electrodes have a high
overpotential for O2 evolution (Chaplin, 2014; Panizza, 2010).

H2O → ●OH + H+ + e-

2.13
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The ●OH are weakly adsorbed to the electrode surface, allowing radicals to be
available for pollutant oxidation in the bulk solution as well as at the electrode surface
(Chaplin, 2014). Also, because water is not oxidized during EO until about 2.0 V versus
standard hydrogen electrode (SHE) there is a large potential window for direct electron
transfer at the electrode surface (Chaplin, 2014). Direct electron transfer occurs when
pollutants are oxidized because the compound adsorbs to the electrode surface and an
electron is directly exchanged (reaction 2.14) (Chaplin, 2014). Direct electron transfer is
a critical rate limiting step for the oxidation of recalcitrant compounds that may be
unreactive with ●OH (e.g., PFAS) (Chaplin, 2014; Kucharzyk, Darlington, Benotti,
Deeb, & Hawley, 2017).

R → (●R)+ + e-

2.14

The electrodes for advanced oxidation studies of EO are typically classified as
“inactive” or “nonactive,” which mean the electrode material does not participate in
electrochemical reactions (i.e. change oxidation state) (Chaplin, 2014; Panizza, 2010).
Inactive electrodes, which produce ●OH (adsorbed or near the electrode surface active
oxygen) and facilitate direct electron transfer, have a high oxygen evolution overpotential
and favor the complete non-selective oxidation of organics to CO2 (i.e. to complete
mineralization) (reactions 2.15 and 2.16) (Chaplin, 2014; Panizza, 2010).
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Mn[ ] + H2O → Mn[●OH] + H+ +e-

2.15

Mn[●OH] +H2O →Mn[ ] + O2 + 3H+ +3e-

2.16

Where Mn[ ] is an electrode surface site with a specific oxidation state (n), and
Mn[●OH] is a ●OH physically adsorbed to the electrode surface (Chaplin, 2014; Panizza,
2010). Oxygen evolution for inactive electrodes follows eq. 2.16, where an H2O molecule
reacts with the adsorbed ●OH to generate O2 (Chaplin, 2014). The evolution of oxygen is
a competitive side reaction that decreases the efficiency of the anodic oxidation process
(Panizza, 2010).
Active anode electrodes have a reactive anode surface which achieves higher
oxidation states on the electrode surface and thus the adsorbed ●OH interact with the
anode surface forming a higher oxide and the redox couple is then able to act as a
mediator in the oxidization of some organics (Panizza, 2010). Active electrodes have low
oxygen evolution overpotential and only facilitate the partial oxidation of organics
(Panizza, 2010). As a result, inactive anodes produce greater quantities of ●OH and
promote complete oxidation of most organic pollutants.
2.3.2 Electrode material
The characteristics of the electrode material strongly impact the selectivity and
the efficiency of EO for oxidation of organic contaminants. This section reviews the use
of BDD electrodes in EO systems. BDD electrodes are attractive for a number of reasons,
including that they offer an inert surface with low adsorptive properties, corrosion
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stability, and high oxygen evolution overpotential (Panizza, 2010). BDD produces a large
quantity of ●OH that weakly adsorb to the BDD surface, ultimately making oxidation of
organics more likely and the process more applicable for water treatment (Panizza, 2010).
BDD electrodes are typically produced via chemical vapor deposition (CVD)
(Macpherson, 2015). Use of CVD is inexpensive and has opened up the use of these
types of films for industrial and advanced water treatment applications (Chaplin, 2014;
Murugananthan, Yoshihara, Rakuma, Uehara, & Shirakashi, 2007; Rodgers-gray et al.,
2009; Yoshihara & Murugananthan, 2009). The use of boron as a dopant is common
because it has a low charge carrier activation energy (0.37 eV), and as a result of the
boron substituting the carbon in the diamond lattice, it is a p-type semiconductor. At low
doping levels, it acts as a semiconductor, while at high doping levels exhibits semimetallic conductivity (Chaplin, 2014). Thus, BDD electrodes exhibit very high
overpotentials for both hydrogen and oxygen evolution, facilitating a wide potential
window with low background current generating a large amount of ●OH, shown in
reaction 2.17, which is similar to 2.15 (Murugananthan et al., 2007).

BDD + H2O → BDD(●OH) + H+ + e-

2.17

The stability of BDD electrodes is highly variable depending upon substrate.
Although they are typically seen as extremely stable under anodic polarization, they are
still subject to failure due to film delamination from the substrate material (Chaplin,
2014). The typical substrate is p-silicon; however, due to its brittle nature, it is not ideal
for real-world application. As a result, alternative materials have been investigated
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including tantalum, niobium, tungsten, zirconium, carbon, and titanium (Chaplin, 2014).
Improving the robustness of these electrodes is a growing area of research to increase
reliability and decrease cost.
2.3.3 Oxidation of organic compounds using BDD
In recent years, BDD electrodes have been employed to study the electrochemical
behavior of oxidation of toxic organic contaminants. Some compounds successfully
removed during EO with BDD were phenol (Pablo Cañizares et al., 2004a), 4,4’(propane-2,2-diyl)diphenol (Barrios, Becerril, De León, Barrera-Díaz, & Jiménez, 2015),
nonylphenol (Barrios et al., 2015), 5-chloro-2-(2,4-dichlorophenoxy)phenol (Barrios et
al., 2015), bisphenol A (Murugananthan, Yoshihara, Rakuma, & Shirakashi, 2008;
Yoshihara & Murugananthan, 2009), EE2 (Frontistis et al., 2011), E2 (Murugananthan et
al., 2007; Yoshihara & Murugananthan, 2009), E3 (T. S. Chen & Huang, 2013), and E1
(Brocenschi, Rocha-Filho, Bocchi, & Biaggio, 2016).
Murugananthan et al. (2007) conducted a mineralization study and confirmed that
the use of BDD facilitated the progressive mineralization of E2. The mineralization rate
of E2 in that study increased with an increase in current density (Murugananthan et al.,
2007). The rate kinetics for direct EO of organic contaminants is dependent upon the
current density, as well as mass transfer limitations, the electrolysis time, and the ease of
oxidation of the contaminant present (Pablo Cañizares et al., 2004a; Murugananthan et
al., 2007). From Murugananthan et al. (2007), the total organic carbon (TOC) reduction
was slower than that of E2, indicating intermediate products were formed
(Murugananthan et al., 2007). Intermediate compound formation was likely from the
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initial cleavage of the functional groups, followed by the ring-opening reaction
contributing to ultimate TOC removal and complete mineralization (Murugananthan et
al., 2007). In addition, Murugananathan et al. (2007) found that increasing current density
increased the generation rate of weak oxidants such as hydrogen peroxide and
peroxydisulfate, which has a negative impact on current efficiency because the wasted
radicals were used in recombination reactions to form those weak oxidants (Brillas et al.,
2005; Murugananthan et al., 2007).
The basis for the use of BDD for the removal of estrogenic compounds was laid
out in these previous studies, however, the appropriate use of EO as a treatment
technology was not evaluated. Work by Frontistis et al. (2011), Murugananthan et al.
(2007), Yoshihara & Murugananthan, (2009), T. S. Chen & Huang, (2013), and
Brocenschi et al., (2016) for the removal of estrogenic compounds using BDD
investigated the feasibility of BDD to remove estrogenic compounds. However, the major
research gap is apparent in the lack of energy consumption evaluations. In addition, the
use of BDD EO alone is not feasible for all water treatment needs or for efficient energy
consumption. Therefore, evaluations for BDD EO paired with another technology (e.g.
EC) is an additional research gap that should be addressed.
2.3.4 Impact of water quality
Impact of pH: The impact of pH on organic compounds depends on the targeted
contaminant and the nature of the electrodes (i.e. BDD film grain size, substrate
material). For example, Brocenschi et al. (2016) showed there was a decrease in
estrogenic compound removal with increasing pH (Brocenschi et al., 2016). However, the
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results presented by Brocenschi et al. (2016) are contradictory to results presented by
Murugananthan et al. (2007). The variation in results may be due to the nature (i.e.
coating method, substrate, etc.) of the BDD electrodes or a variation in water matrix. For
estrogenic compounds, pKa values range from 10.3 to 10.8 (see Table 2A in Appendix
2A). Hence, estrogenic compounds are neutral at pH < 10 and will not be attracted to the
positive charge on the surface of the anode. Typically, at high pHs, the ●OH production
competes with hydroxide ion oxidation, resulting in lower radical generation and
decreased organic contaminant removal via oxidation (Brocenschi et al., 2016).
Alternatively, with the phenolic drug paracetamol, Brillas et al., (2005) found the
mineralization rate with BDD electrodes was independent of pH (Brillas et al., 2005).
Due to the extreme variation in data from literature, additional studies are
warranted to confirm the role of pH on the removal of estrogenic compounds in EO using
BDD electrodes. This research gap is addressed in Chapter 5.
Impact of dissolved organic carbon (DOC): Mineralization of micropollutants
using BDD electrodes can be inhibited by the presence of organic matter scavenging
generated oxidants (Khan, He, Khan, Shah, & Dionysiou, 2013). This disruption is a
result of the high molecular weight humic and fulvic substances (natural organic matter
[NOM] or dissolved organic carbon [DOC]) being more resistant to anodic oxidation than
micropollutants (Chiang, Chang, & Wen, 2000; Panizza, 2010). Consequently, removing
DOC before BDD EO water treatment may improve micropollutant removal. While data
on the removal of DOC in EC, EO, and EC-EO has been studied separately, the data is
not interchangeable among systems. No work has been done to determine the impact of
DOC on the inhibition of estrogenic compound removal in EO. These research gaps
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relating to DOC and the removal of estrogenic compounds in EO are addressed in
Chapter 5.

2.4

Electrocoagulation pretreatment followed by electrooxidation (EC-EO)
Previous studies have shown that EC is an excellent treatment process for the

removal of DOC (Dubrawski & Mohseni, 2013b, 2013a; Yildiz, Koparal, Irdemez, &
Keskinler, 2007). Therefore, the use of EC for the removal of DOC as a pretreatment to
EO for organic micropollutants, such as estrogenic compounds, is a promising concept.
Some studies have investigated the EC-EO process for the removal of chemical oxygen
demand (Ibarra-Taquez, GilPavas, Blatchley, Gómez-García, & Dobrosz-Gómez, 2017;
Linares-Hernández, Barrera-Díaz, Bilyeu, Juárez-GarcíaRojas, & Campos-Medina, 2010;
Raju, Karuppiah, Latha, Parvathy, & Prabhakar, 2008), total organic carbon (IbarraTaquez et al., 2017; Lakshmi Kruthika, Karthika, Bhaskar Raju, & Prabhakar, 2013),
viruses (Heffron, Ryan, & Mayer, 2019), and phenol (Öztürk, Barışçı, Turkay, & Veli,
2019). Linares-Hernández et al.(2010) studied the removal of COD using iron EC and
BDD EO (Linares-Hernández et al., 2010). The study found that the combined EC-EO
process reduced overall treatment time where EC removed humic substances, colloidal
materials, and suspended particles while EO completely mineralized the remaining
organics (Linares-Hernández et al., 2010). No research has been conducted on the
development of EC-EO systems for the removal of organic micropollutants, such as
estrogenic compounds. This research gap is addressed in Chapter 5.
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2.5

Conclusions and Research Gaps
Estrogenic compounds present a public and ecological health issue due to their

bioactive nature and their detection in drinking water as a result of their incomplete
removal in conventional drinking water treatment. Therefore, research into the removal
of these compounds from drinking water using advanced treatment technologies would
be beneficial. Insight into the electrochemical removal of estrogenic compounds, EC and
EO operational parameters, mechanisms or removal, impact of water quality, removal
efficiency, energy efficiency, and the use of a sequential EC-EO reactor are required to
address the current gaps in research.
In this dissertation research, the removal of estrogenic compounds (E1, E2, E3,
and EE2) in EC and a sequential EC-EO reactor were evaluated. Specifically, the three
research objectives addressed were:
1) Analyze operational parameters, reactor kinetics, and floc characteristics
during the removal of estrogenic compounds via electrocoagulation. The primary goal of
this objective was to determine how reactor operation parameters impacted the removal
of estrogenic compounds using iron EC. The impact of current density, conductivity, stir
rate, and polarity reversal time were evaluated. Within this objective, a reactor analysis
was conducted to assess the reactor kinetics and characterize the iron oxide floc
generated. Investigating the influence of these parameters adds to the basic scientific
literature and knowledge in understanding the influence of electrochemical parameters,
EC rate kinetics for estrogenic compound removal, and the overall use of EC as a
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technology for the removal of micropollutants. These experimental results are presented
in Chapter 3.
2) Evaluation of the impact of water quality and assessment of removal
mechanisms for the removal of estrogenic compounds using iron electrocoagulation. The
specific goals for this objective were to develop an understanding of the impact of water
quality and removal mechanisms for the removal of estrogenic compounds using EC.
First, the impact of estrogenic removal efficiency with varying pH, turbidity, and DOC
were assessed. Second, the relative contribution of various removal mechanisms (e.g.
adsorption, indirect oxidation, direct oxidation) for the removal of the estrogenic
compounds was estimated. Understanding the impact of water quality on estrogen
removal as well as the major removal mechanism may be used in further research, design,
and development for a more efficient EC system and an eventual product for use in realworld applications. These experimental results are presented in Chapter 4.
3) The sequential use of electrocoagulation followed by electrooxidation for the
efficient removal of estrogenic compounds from water. This research objective aimed to
assess the efficient (reduce energy) removal of DOC (humic acid) and estrogenic
compounds (E1, E2, E3, and EE2) in a sequential EC-EO system. The use of EC was
investigated to remove DOC prior to EO treatment for the removal of estrogenic
compounds. This system was hypothesized to decrease overall energy consumption for
estrogenic compound removal rather than employing either EC or EO alone.
Understanding the impact of DOC on the removal of estrogenic compounds and energy
consumption will assist in developing this technology for not only the removal of humic
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and fulvic substances but also organic micropollutants, and ultimate employment in
compact real-world applications. These experimental results are presented in Chapter 5.
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3

ANALYSIS OF OPERATIONAL PARAMETERS, REACTOR KINETICS,
AND FLOC CHARACTERIZATION FOR THE REMOVAL OF
ESTROGENS VIA ELECTROCOAGULATION

This chapter was published as:

Maher, Emily K., O’Malley, Kassidy N., Heffron, Joe, Huo, Jingwan, Mayer, Brooke K.,
McNamara, Patrick J. 2019. Analysis of Operational Parameters, Reactor Kinetics,
and Floc Characterization for the Removal of Estrogens via Electrocoagulation.
Chemosphere 220: 1141–49.

It is republished here, with minor adjustments, with permission from the journal.

3.1

Introduction
Estrogenic compounds are endocrine disrupting compounds (EDCs) that can

mimic, increase, or inhibit endogenous hormones, consequently altering the natural
function of the endocrine system in humans and animals (Roy et al., 2009; Silva et al.,
2012). Observed impacts include feminization of fish populations in both wild and
controlled studies (Kidd et al., 2007; Vajda et al., 2008b). Human health impacts include
male and female reproductive health issues, precocious puberty, cancer, and increased
rates of obesity and diabetes (National Institute of Environmental Health Sciences, 2010;
Roy et al., 2009).
Estrogenic compounds in wastewater, surface water, and drinking water have
received increased attention in recent years due to their potential to negatively impact
human and environmental health, including increased research on treatment technologies
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to remove estrogens (Benotti, Trenholm, et al., 2009; Caldwell et al., 2010; Kidd et al.,
2007; Kolpin et al., 2002; S. A. Snyder et al., 2003; Vajda et al., 2008b; Westerhoff et al.,
2005). Estrogens make their way into drinking water as a result of incomplete removal
during wastewater treatment, subsequent discharge to surface water, and eventual intake
during drinking water treatment (Benotti, Trenholm, et al., 2009; Caldwell et al., 2010;
Conley et al., 2017; Daughton & Ternes, 1999; Kolpin et al., 2002; Kuch & Ballschmiter,
2001; S. A. Snyder et al., 2003; Ternes, 1998; Westerhoff et al., 2005). Consequently,
populations served by municipal drinking water treatment facilities are at risk of exposure
to these estrogens.
As a result of the potential risks and presence of estrogens in environmental
waters, the United States Environmental Protection Agency’s (USEPA) Contaminant
Candidate List version 4 (CCL4) includes estrone (E1), 17β-estradiol (E2), estriol (E3),
and 17α-ethynylestradiol (EE2). The USEPA CCL4 is comprised of emerging
contaminants not regulated by drinking water standards, but which are likely present in
public drinking water systems and are of interest due to potential public health risks.
Compounds listed on the CCL require more research to understand their potential for
removal by conventional and advanced treatment processes before regulatory
determinations (US EPA, 2016).
Removal of estrogenic compounds in drinking water treatment is limited and
variable; conventional coagulation/flocculation treatment processes used for the treatment
of surface water were not designed to remove estrogenic compounds. Westerhoff et al.
(2005) evaluated a simulated coagulation/flocculation process that used alum and ferric
chloride as coagulants and demonstrated that removals of E1, E2, and EE2 were 5%, 2%,
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and 0%, respectively (Westerhoff et al., 2005). This result was unexpected due to the low
volatility and hydrophobic nature of E1, E2, E3, and EE2 (i.e. Log KOW, Table 2A,
Appendix 2A), indicating they would be likely candidates to sorb to solids (i.e. iron
oxides) (Lai, Johnson, Scrimshaw, & Lester, 2000; Silva et al., 2012). In response to their
minimal removal, alternatives to conventional water treatment have been investigated for
the removal of estrogenic compounds as part of point-of-use, emergency, and municipal
treatment systems.
Advanced oxidation processes (AOPs), including ozone (O3), ozone and hydrogen
peroxide (O3/H2O2), and electrooxidation (EO), have offered exceptional removal of
estrogenic compounds (Benotti, Trenholm, et al., 2009; T. S. Chen & Huang, 2013; Cong
et al., 2014; Feng, Y., Wang, C., Liu, J. and Zhang, 2010; Z.-H. hua Liu et al., 2009; S.
A. Snyder et al., 2006; S. Snyder et al., 2004; Westerhoff et al., 2005). Electrocoagulation
(EC) is an additional technology that may provide greater estrogen removal than
conventional coagulation/flocculation systems alone because EC provides in-situ
coagulant generation together with redox potential (Heidmann & Calmano, 2008; H. Liu
et al., 2010; Mollah et al., 2004). EC uses sacrificial electrodes, typically iron or
aluminum, to produce metal hydroxide flocs in-situ (H. Liu et al., 2010; Mollah et al.,
2004). EC flocs are crystalline in structure, fractal and highly porous with large surface
areas (Cornell et al., 2003; Lin et al., 2015). Estrogenic compounds may also be removed
via redox reactions at the anode or cathode as well as indirect redox reactions in solution.
These reactions may derive from interactions with hydroxyl radical (●OH) generation or
the formation of high valence iron species, such as ferryl iron (Fe(IV)), through
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intermediate iron reactions (Heidmann & Calmano, 2008; Keenan & Sedlak, 2008b; L. Li
et al., 2012; H. Liu et al., 2010; Mollah et al., 2004).
EC is capable of removing a variety of water pollutants, including turbidity,
chemical oxygen demand, biochemical oxygen demand, phosphate, and color in
wastewaters (Pan et al., 2016; Rajeshwar et al., 1994). In drinking water treatments, EC
has been shown to remove heavy metals (Heffron et al., 2016; Heidmann & Calmano,
2008), polyfluoroalkyl acids (PFAAs) (Lin et al., 2015), and some pharmaceuticals (e.g.
sulfamethoxazole and trimethoprim) (Ghatak, 2014; Martins et al., 2011; Mission,
Gaspillo, Belo, & Cruz, 2010). EC may be most useful in small-scale, rural, drinking
water treatment systems or as a pretreatment technology for EO to remove organics
upfront. EC has the potential to remove estrogens from drinking water, which are
typically removed <5% using conventional coagulation and flocculation (Westerhoff et
al., 2005; Yoshihara & Murugananthan, 2009). In addition, compared to conventional
coagulation and flocculation technologies, EC has a smaller footprint, and lower
chemical requirements than conventional coagulation/flocculation systems (Mollah et al.,
2004). Accordingly, previous studies have demonstrated that EC is capable of removing
organic constituents (Ghatak, 2014; Lin et al., 2015; Martins et al., 2011; Mission et al.,
2010); however, no known research has determined the effectiveness of EC for removal
of estrogenic compounds. Additionally, EC may be beneficial in comparison to
conventional treatment and as a pretreatment technology due to its small footprint, low
chemical requirements, and ability to leverage a number of removal mechanisms
(Heidmann & Calmano, 2008; Keenan & Sedlak, 2008b; L. Li et al., 2012; H. Liu et al.,
2010; Mollah et al., 2004).
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While iron-based EC offers potential to remove estrogenic compounds, no known
research has been conducted to characterize its effectiveness and the role of reactor
operational parameters. Several parameters are important for the operation of an EC
reactor, including current density, conductivity, stir rate, and polarity reversal (X. Chen et
al., 2000; Dubrawski & Mohseni, 2013b; H. Liu et al., 2010). Current density (i, mA cm1

) is the current per unit area of active anode surface and is very important as it is the

easiest operational parameter to control in the laboratory (H. Liu et al., 2010). The current
density influences the coagulant dose to the EC system and will directly influence the
removal of estrogenic compounds. If the conductivity is low, it will reduce current
efficiency, increase required applied potential, and consequently increase passivation and
also treatment cost (H. Liu et al., 2010). Increased turbulence in the reactor can present a
number of potential advantages and disadvantages. For example, it may increase metal
ion mass transport into solution (Mollah et al., 2004), but may also break up floc, and
thus decrease removal (Crittenden, Trussell, Hand, Howe, & Tchobanoglous, 2012b).
Finally, polarity reversal is the intermittent alternation of the polarity between the two
electrodes (Mollah et al., 2004). Polarity reversal has been shown to reduce the
detrimental impacts of electrode passivation, which is the formation of an inhibiting
oxide layer on the surface of the electrode over time (H. Liu et al., 2010). As the
thickness of the passivation layer increases, the efficiency of the EC reactor decreases
due to reduced metal dissolution, electron transfer, and overall coagulant dose (H. Liu et
al., 2010). Investigating the influence of these parameters for an EC system is important
to better understand the efficiency and effectiveness of EC as a technology to remove
organic micro-contaminants.
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The primary objective of this study was to determine how reactor operation
parameters impact removal of estrogenic compounds using iron EC. The impact of
current density, conductivity, stir rate, and polarity reversal time on the removal of
estrogenic compounds was determined. Analysis of the reactor was also conducted to
assess the removal kinetics and characterize the generated iron oxide floc. To our
knowledge, this is the first study to examine the impact of stir rate and polarity reversal,
as well as establish the degradation kinetics of E1, E2, E3, and EE2 in an iron EC
process.

3.2

Materials and Methods

3.2.1 Chemicals
Stock solutions of E1, E2, E3, and EE2 were prepared in HPLC-grade methanol
(≥99%) purchased from Alfa Aesar (West Hill, MA) and were stored at -20 °C. E1
(≥99% purity), E2 (≥98%), E3 (≥97%), EE2 (≥98%), sodium sulfate (≥99%), and sodium
nitrate (≥99%) were purchased from Sigma-Aldrich (St. Louis, MO). Sulfuric acid
(96.6%) and sodium bicarbonate were purchased from Fisher Scientific International, Inc.
(Fair Lawn, NJ).
3.2.2 Electrocoagulation cell construction
The EC reactors were 500 mL Berzelius beakers with no pour spout with a 3D
printed plastic cap designed to accommodate two sacrificial electrodes with a fixed
electrode distance of 1 cm. The electrodes were iron (mild steel) plates with an active
anode surface area of 60 cm2. In all cases, a direct current was supplied by a benchtop
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DC regulated power source (Sorensen XPH75-2D, 300W, 0-75W, 0-2A, dual output,
universal input 110VAC to 240VAC) paired with a current alternator (kindly provided by
A/O Smith Corporation, Brookfield, WI). Polarity reversal impact on estrogen removal
was investigated at frequencies of 30, 120, and 240 s. Completely mixed batch reactors
were agitated with a multi-position magnetic stirrer. Each test was conducted for 120 min
until equilibrium was reached.
All glassware, stir bars, and caps were washed with Alconox®, rinsed, dried and
triple rinsed in methanol. Sample vials (4 mL glass amber) were baked at 550 °C for 45
min and cooled to remove any residual organics. Preliminary control tests indicated
negligible adsorption of the estrogens to the glassware. Between experiments, the
electrodes were cleaned similar to Dubrawski et al. (2013) (Dubrawski & Mohseni,
2013b). Briefly, the electrodes were cleaned using an acid wash in 2 M sulfuric acid,
rinsed with water, washed with an abrasive scrubber with Alconox®, wet sanded with 320
grit fine sandpaper, and sonicated in methanol for 20 min.
3.2.3 Experiments
Current density (i), conductivity, stir rate, and polarity reversal time were selected
and tested individually in a batch EC reactor with two iron plate electrodes to determine
the best operating parameters for this system for consequent experiments. All tests were
conducted in at least triplicate at room temperature.
Current density can be directly controlled with either electrode area or current
(Dubrawski & Mohseni, 2013b; Holt et al., 2005). The current density is directly related
to the iron oxide dosing rate, mass transfer, and redox reactions occurring at the electrode
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surface (Holt et al., 2005). Current density is also correlated to current efficiency and
charge loading, whereby an increasing current leads to a decrease in current efficiency
even with an increase in charge loading (Dubrawski & Mohseni, 2013b). Faraday’s law
(eq. 3.1) describes the relationship between current density (i; mA cm-2) and the mass of
metal dissolved (w; g cm-2) using the time of electrolysis (t; s), the molar mass of the
electrode material (M; g mol-1), the number of electrons transferred in anodic dissolution
(n), and Faraday’s constant (F, C mol-1).

𝑤=

𝑖𝑡𝑀
𝑛𝐹

eq. 3.1

Three current densities (4.16, 8.3, and 16.7 mA cm-2) were examined at various
conductivity values (500, 1000, and 3000 µS cm-1) to determine the combination that
achieved greatest estrogenic compound removal. Using the current density and
conductivity that achieved the greatest removal of estrogenic compounds in initial tests,
the impact of three stir rates (50, 120, and 500 rpm) and three polarity reversal times (30,
120, 240 s) were examined in triplicate experiments.
For each experiment, a synthetic test water was prepared in Milli-Q (Millipore)
water with a conductance of 18.2 MΩ at 25 ± 1 °C. Electrolyte concentrations were
added to achieve a concentration of 2.25 mM (500 µS cm-1), 4.51 mM (1000 µS cm-1), or
13.52 mM (3000 µS cm-1) with sodium sulfate. Alkalinity was added with sodium
bicarbonate to a concentration of 85 mg L-1 as CaCO3. The pH was adjusted to 7.0 with
either sodium hydroxide or sulfuric acid. Estrogen stock solutions were added to the bulk
solution to obtain a concentration of approximately 200 µg L -1. The methanol cosolvent
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effects were negligible as the volumetric fraction of methanol to water was 0.2% (Tong et
al., 2016).
Samples (1 mL) were collected at varying times depending upon the test type,
mixed with 1 mL methanol and filtered through 0.2 µm, 13 mm, PTFE Agela
Technologies (Wilmington, DE) syringe filters into a glass amber 1.5 mL LC-MS vial.
The methanol limited estrogen on the filter. Reductions in reactor volume due to sample
collection caused less than 5% change in current density. Spike and recovery tests were
conducted for the estrogens. Recovery of estrogens (average ± standard deviation) was
92±1.1% for E1, 104±2.4% for E2, 86±1.6% for E3, and 100±1.8% for EE2 (n=3) using
PTFE filters.
3.2.4 Analytical measurements
Estrogenic compounds (~200 μg L-1) were analyzed by liquid chromatography
mass spectrometry (LC-MS) using a Shimadzu LC-MS 2020 equipped with a
Phenomenex® Kinetex® 5 µ EVO C18 100A 100 x 3.0 mm reversed phase column
operated in negative ion mode for all compounds (see Appendix 3A, Table 3A.1 and
Table 3A.2). Appendix 3B outlines the criteria for the standard curve, limit of detection
(LOD), and limit of quantification (LOQ). The pH was measured before and after each
test using an Orion 4 Star pH meter (Thermo Scientific, USA) and the conductivity was
measured using a VWR® Pure H2O Tester (VWR, Radnor, PA); test data is provided in
Appendix 3C, Table 3C. Iron doses were measured as total iron via inductively coupled
plasma mass spectrometry after acid digestion (ICP-MS) analysis (7700 Series, Agilent
Technologies, Santa Clara, CA, USA).
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3.2.5 Kinetic analysis
Pseudo-first order, second-order, Lagergren’s pseudo first-order, and Lagergren’s
second-order equation for adsorption kinetics were evaluated to describe the removal
reaction kinetics for this study (Al-Shannag et al., 2015; Khatibikamal et al., 2010;
Moussout et al., 2018). For the EC batch process, the law of mass of conservation was
considered (eq. 3.2):

−

𝑑𝐶
𝑑𝑡

= −𝑟𝐷

eq. 3.2

Where –rD is the removal rate of estrogens, C is the concentration (µg/L) and t is
the EC time in min. The pseudo first-order model and integration are described in eq. 3.3
and eq. 3.4, where C(0) = C0. The pseudo first-order model rate takes into account a
potential catalyst (A) with a negligible concentration where r = k(C)(A) = k’(C). Where
the solution is given by eq. 3.4 (Al-Shannag et al., 2015).

𝐶 = 𝐶𝑜 𝑒 −𝑘′𝑡
𝐶

ln (𝐶 ) = −𝑘′𝑡
𝑜

eq.3.3
eq. 3.4

Where k’ is the pseudo first-order rate constant in min-1.
The second-order rate model follows –r = k2C2, where k2 is the second order rate
constant. The equation solution is defined in eq. 3.5.
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1
𝐶

1

= 𝐶 + 𝑘2 𝑡

eq. 3.5

𝑜

The kinetic data was also analyzed using Lagergren’s pseudo first- and secondorder rate equations (Khatibikamal et al., 2010). These data were calculated using the
assumption that all estrogen removal was due to adsorption to the iron oxide floc.
Lagergren’s pseudo first-order model is (eq. 3.6):

−

𝑑𝑞
𝑑𝑡

= 𝑘1 (𝑞𝑒 − 𝑞 )

eq. 3.6

Where q is the amount of estrogenic compounds adsorbed to the adsorbent (iron
floc) at a time t (min), qe is the amount of estrogenic compounds present at equilibrium
and k1 (min-1) is the first-order adsorption rate constant. The integrated linear form of the
equation is defined in eq. 3.7, where the qe and k1 were calculated from the slope and yintercept of the plots.

𝑘 𝑡

1
log(𝑞𝑒 − 𝑞 ) = log(𝑞𝑒 ) − 2.303

eq. 3.7

The pseudo-second order rate is expressed in eq. 3.8 and the integrated form is in
eq. 3.9.

𝑑𝑞

− 𝑑𝑡 = 𝑘2 (𝑞𝑒 − 𝑞 )2

eq. 3.8

52
𝑡
𝑞

=𝑘

1

2
2 𝑞𝑒

𝑡

+𝑞

𝑒

eq. 3.9

Where k2 is the second order rate constant. The qe and k2 were calculated from the
slope and intercept of the plot of t/q versus time (t).
3.2.6 Floc characterization
Floc characterization was conducted to understand and investigate the structure,
and general behavior of the iron hydroxide floc for iron EC. After EC, the metal
hydroxide flocs were freeze-dried using a Millrock Technology bench top freeze dryer
(Kingston, NY). Zeta potential and average size of the iron hydroxide flocs were
measured with a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The point of
zero charge was determined using the zeta potential provided by the instrument,
completing a linear regression, and using the linear equation to calculate the point of zero
charge via interpolation as the pH where zeta potential was zero. X-ray diffraction (XRD)
of the iron floc was carried out with a Bruker D8 Discover A25 diffractometer with a
copper Kα radiation at the University of Wisconsin-Milwaukee to determine the
crystalline structure of the various flocs formed. The XRD scans were recorded from 2θ
of 10° to 70° using a step size of 0.02° and a count time of 0.4 s per step. Scanning
electron microscope (SEM) with an energy-dispersive X-ray spectrometer (EDX) (JEOL;
JEOL USA, Inc. MA, USA; JSM-6510LV SEM) was used to investigate the morphology
and composition of the floc as well as the major elemental components. The sample was
coated with a conductive gold/palladium spray and adhered to an SEM mount with
double-sided carbon tape.
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3.2.7 Statistical analysis
Statistical data analysis was performed using Graphpad Prism 7® (Graphpad
Software, La Jolla, CA). A one-way analysis of variance (ANOVA) was performed for
each compound for each parameter tested. Data sets with values greater than zero percent
removal underwent a logit transformation. Data sets containing zero percent removal
underwent an arcsine transformation. Post-hoc tests were performed with the Tukey’s
multiple comparisons test. All error bars on figures represent the standard error of the
mean. Correlation analyses were conducted using linear correlation measured by the
Pearson’s correlation coefficient (Pearson’s r).

3.3

Results and Discussion

3.3.1 Parameters
3.3.1.1 Impact of current density and conductivity
Current density had a substantial impact on estrogen removal (Figure 3.1). The
current density was altered by changing the current while maintaining the submerged
electrode surface area, EC time, conductivity, polarity reversal time, and stir rate.
Increasing the current increased estrogenic compound removal (Figure 3.1) and the
charge loading rate (CLR) (C L-1 min-1) (Dubrawski & Mohseni, 2013b). The greatest
removal for all compounds was achieved with a current density of 16.7 mA cm-2. The
results in Figure 3.1 agree with other studies conducted on organic micropollutants in
which increasing current density (due to increasing current) led to increased removal
efficiency (Dubrawski & Mohseni, 2013b). The CLR is tantamount to the dosing rate
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(mg L-1 min-1), which is the rate of coagulant production normalized to the reactor
volume (Dubrawski & Mohseni, 2013b). Therefore, increasing the current increases the
dose of the in-situ generated coagulant and the number of redox reactions occurring at the
anode, as there is an increase in electron transfer at the electrode surface (Mollah et al.,
2004). The CLRs and theoretical dosing rates associated with each current density tested
were: 60 C L-1 min-1, 8.7 mg L-1 min-1 for 4.16 mA cm-2; 120 C L-1 min-1, 17.4 mg L-1
min-1 for 8.3 mA cm-2; and 240 C L-1 min-1, 34.7 mg L-1 min-1, for 16.7 mA cm-2. In this
study, the potential increased from 8.57 V to 14.5 V when the current density increased
from 8.3 to 16.7 mA cm-12, at a constant conductivity of 1000 µS cm-1. There was a
strong correlation between current density and percent removal for E1, E2, and E3 with
Pearson r-values of 0.95, 0.96, and 0.93, respectively.
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Figure 3.1 Estrogen removal increased with an increase in current density and was
greatest at 16.7 mA cm-1. The time was 120 min of iron EC at pH 7 with an initial
estrogen concentration of 200 µg L-1. The error bars represent the standard error of the
mean.
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Conductivity did not largely influence estrogen removal (see Appendix 3D,
Figure 3D). There was no statistical difference in removal of E1, E2, and E3 between
1000 and 3000 μS cm-1 (p-value ≥ 0.05). However, removal of E1, E2, and E3 was
significantly different between 500 and 1000 μS cm-1 and between 500 and 3000 μS cm-1
(p-values ≤ 0.002). There was no statistical difference between removals of EE2 for all
conductivities (p-value = 0.7862). A well designed EC reactor for drinking water
treatment should have the lowest possible IR-drop (overpotential due to solution
resistance) to increase reactor efficiency (Mollah et al., 2004). The resistance is impacted
by solution conductivity, electrode surface area, and electrode distance (Mollah et al.,
2004). Thus, increasing the conductivity decreased the IR-drop and increased the
estrogen removal (Mollah et al., 2004). The increase in conductivity decreased applied
potential; however, there was not as significant of correlation between percent removal
and conductivity for E3 (Pearson r = 0.445) and EE2 (Pearson r = -0.2709) or for E1
(Pearson r = 0.504) and E2 (Pearson r = 0.5317) as there was for current density.
3.3.1.2 Impact of stir rate
Three stir rates were investigated in this study: 50, 120, and 500 rpm. The greatest
removal was achieved with a stir rate of 500 rpm (Figure 3.2). The mean removals were
significantly different among the compounds (ANOVA, p-value < 0.0001) and in all
post-hoc analyses (Tukey, p-values < 0.0095). Therefore, as described in Mollah et al.
(2004), the increased velocity over the electrode surface may have enhanced mass
transport, may have improved direct and indirect oxidation of organics, and may have
also decreased the passivation layer on the surface of the electrode, all of which improved
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overall removal of estrogens (Mollah et al., 2004). Increasing the turbulence (velocity
over the electrodes) in the reactor likely increased the mass transfer of the metal ions
from the anode surface into the bulk solution, thus reducing flux into solution (Mollah et
al., 2004). The increased removal indicated that higher stir rates favor oxidation reactions
over adsorption for the removal of estrogens. Typically, higher stir rates increase the
potential to break up floc due to shear forces, as is typical in conventional coagulation
and flocculation processes; this decreases removal of contaminants (Crittenden et al.,
2012). Future work should consider examining the particle size of the floc at each stir rate
to confirm the possible change in floc size. Additionally, high stir rates can decrease the
hydrodynamic boundary layer and increase the rate of diffusion to an electrode surface
for solutions with very low reactant concentration, and thus increase oxidation and
removal of estrogens in solution (Bagotsky, 2005). Overall, the higher stir rates increase
velocity, and thus increase the electron transfer flux between the electrode surface and the
bulk solution, which increases estrogen removal.
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Figure 3.2 Stir rate had a significant impact on estrogen removal, with all stir rates
having a significant impact for all compounds (p-value ≤ 0.0095). The tests were
conducted with a current density of 16.7 mA/cm2, a conductivity of 1000 µS cm-2, a pH
of 7.0, and an initial estrogen concentration of approximately 200 µg/L. The test time was
120 min. The error bars represent the standard error of the mean.
3.3.1.3 Impact of polarity reversal
The shortest polarity reversal time tested, 30 s, yielded the highest removal for
E1, E2, and E3 (Figure 3.3, ANOVA, p-values ≤ 0.0032; Tukey, p-values ≤ 0.35). There
was no significant difference between 120 and 240 s for E1, E2, or E3 (Tukey, p-values ≥
0.093). The percent removals were calculated based on the LOD for these specific tests
because EE2 was below detection. The shorter polarity reversal increased overall removal
by inhibiting the formation of the passivation layer. Electrode passivation, the formation
of an insulating oxide layer on the electrode surface, is detrimental to reactor
performance and can be mitigated by periodic reversal of electrode polarity to improve
reactor performance (H. Liu et al., 2010; Mollah et al., 2004). Passivation thickness
increases with time and inhibits electron transfer between the electrode and contaminant
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(H. Liu et al., 2010). Thus, the change in polarity is capable of reducing the negative
impacts of the passivation layer on estrogen removal by increasing the potential and
decreasing the barrier to electron transfer (Mollah et al., 2004). The concentration of the
estrogens in solution will equal the concentration at the surface of the electrode after
switching the polarity because the estrogens are not charged. The concentration will
gradually approach zero if the current is high enough to overtake the rate of diffusion to
the electrode surface and then decrease the estrogen concentration in the bulk solution.
The polarity reversal may be seen as concentration gradient control. It is common to
reverse polarity during bench scale testing (Mohora et al., 2012; Timmes, Kim, &
Dempsey, 2010), however, reporting on the impact on the reversal time in iron EC bench
scale reactors for the removal of organic contaminants in previous reports is limited.

100

P ercen t R em o v a l (% )

E1
E2

80

E3
60

EE2
40

20

0
0

100

200

300

P o la r ity R e v e r s a l T im e (s e c )

Figure 3.3 Estrogen removal was greater with a shorter polarity reversal time. The iron
EC time was 120 min with a current density of 16.7 mA cm-1 at pH 7 with an initial
estrogen concentration of 200 µg L-1. The error bars represent the standard error of the
mean.
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3.3.1.4 Potential removal mechanisms
The increase in current improved estrogen removal, likely by increasing the mass
of metal ions transported from the anode surface to the bulk solution (Mollah et al.,
2004). Additionally, the increase in current would increase redox reactions occurring in
the solution and at the electrode surface, thus increasing estrogen degradation (Mollah et
al., 2004). In this study, the potential increased from 8.57 to 14.5 V when the current
density increased from 8.3 to 16.7 mA cm-2, at a constant conductivity of 1000 µS cm-1.
There was a strong correlation between current density and percent removal for E1, E2,
and E3 with Pearson r-values of 0.95, 0.96, and 0.93, respectively. The potential removal
mechanisms during EC would be adsorption to the iron floc, oxidation via intermediate
reactions occurring in solution, and direct anodic oxidation (Heidmann & Calmano,
2008; H. Liu et al., 2010; Mollah et al., 2004). Although this data may indicate one
removal mechanism over another, further research is required to confirm the fate and
removal pathway of each estrogenic compound.
3.3.2 Kinetic study
3.3.2.1 Reaction kinetics
In this work, the kinetic study for the removal of E1, E2, E3, and EE2 was
evaluated (Figure 3.4 and Table 3.1) for experiments at constant volume, current density,
conductivity, stir rate, and polarity reversal that achieved the greatest estrogen removal
determined previously (16.7 mA cm-2, 1000 mS cm-1, 500 rpm, and 30 s polarity
reversal). The reaction kinetics for the pseudo first-order relationship are plotted in
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Figure 3.4 and listed in Table 3.1. Table 3.1 also contains the data for the second-order
rate model and the Lagergren’s first- and second- order relationship kinetic rate
constants, including calculated qe, and R2.
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Figure 3.4 Reaction kinetics for the pseudo first-order relationship between ln(C/Co) and
EC time. The error bars represent the standard error of the mean between triplicate tests.
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Table 3.1 Pseudo first- and second-order kinetic removal rates, pseudo first- and secondorder Lagergren adsorption kinetic removal rates coefficient of determination, sum of
least squares, and calculated qe for various estrogenic compounds using iron EC
Estrogen Pseudo first-order
k'
R2
(min-1)
E1
E2
E3
EE2

0.015
0.015
0.016
0.040

Estrogen

0.95
0.92
0.94
1.00

Second-order
k2
R2
(µg min-1
L-1)
0.00018
0.91
0.00016
0.88
0.0002
0.73
0.0014
0.83

SLS

128
436
522
157

Lagergren's First-order

k1
Calculated
-1
(min )
qe
(µg g-1)
E1
0.025
44.5
E2
0.025
53.6
E3
0.024
53.6
EE2
0.040
56.3
*SLS: Sum of Least Squares

R2

SLS

0.99
0.98
0.97
0.99

3195
9471
8481
240

Lagergren's Secondorder
k2
Calculated
-1
qe
(g µg
(µg g-1)
min-1)
0.00024
58
0.00012
80
0.00014
74
0.00062
65

SLS

6162
13100
19670
39342

R2

SLS

0.77
0.59
0.66
0.96

1462
2949
2612
1549

The least-square method was used to determine the kinetic parameters for the
model equation with the best fit. The R2 and the sum of squared residuals were compared
for each relationship. The estrogen EC degradation data fit best to the pseudo first-order
model (Table 1). The second-order and Lagergren’s first- and second- order kinetic
relationship fit well in terms of R2 values (see Table 1), however, the sum of squared
residuals for all compounds were larger than that for the pseudo first-order model. Thus,
the data demonstrated stronger pseudo-first order behavior (R2 > 0.99), consistent with
electrochemical oxidation studies for E1, E2, E3, and EE2 (Brocenschi et al., 2016; T. S.
Chen & Huang, 2013; Feng, Y., Wang, C., Liu, J. and Zhang et al., 2010; Murugananthan
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et al., 2007). This may imply the mechanism of removal is predominantly oxidation as
opposed to adsorption.
The pseudo-first order kinetic rates for E1, E2, and E3 were significantly less than
the kinetic rate for EE2 (ANOVA p-value <0.0001; Tukey p-values for E1, E2 and E3
compared to EE2 were all <0.0001). EE2 was removed more than the natural estrogens
(E1, E2, and E3) regardless of the parameters. This could be due to the higher k ow and
thus a greater adsorption capability than E1, E2, or E3. Additionally, there may be a
greater possibility for oxidation of EE2 due to the variation of the electron-rich functional
group attached to the C17 position on the cyclopentane ring (Hauser-Davis & Parente,
2018).
3.3.3 Energy use and estrogen degradation
Energy use is partially dependent upon the current density and conductivity. A
high current density with a low conductivity increases the energy expended (see
Appendix 3E, Figure 3E). The lowest energy use occurred at 4.16 mA cm-2 and a
conductivity of 1000 µS cm-1 while the highest was with a current density of 16.7 mA
cm-2 and a conductivity of 500 µS cm-1. This was expected because with low current and
a high conductivity there will be a smaller IR-drop (Mollah et al., 2004). However, a
current density of 4.16 mA cm-2 was not capable of providing enough potential to remove
estrogens (Figure 3.5). A current density of 16.7 mA cm-2 and a conductivity of 1000 µS
cm-1 provided estrogen removal with minimal energy use and less electrolyte addition.
The three systems with largest estrogen removal normalized to energy use (µmoles kW-1)
were not significantly different (500, 1000, or 3000 µS cm-1 at 16.7 mA cm-2) for any
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compound (Tukey p-values ≥ 0.2), with the exception of significantly less EE2 removal
at 3000 µS cm-1 compared to 500 µS cm-1 at 16.7 mA cm-2 (Tukey p-value = 0.003).
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Figure 3.5 Comparison of µmoles of E1, E2, E3, and EE2 removed per kWh used.
Conductivity (µS cm-1) is grouped by shape and current density (mA cm-2) is grouped by
color.
3.3.4 Floc characterization
During the EC process, the iron floc formed in the reactor, turning the clear
solution to a turbid orange-brown color. To describe the reactor in general, floc
characterization was completed to understand the structure, charge, size, shape and main
components of reactor performance. The information collected here will give more
information on the behavior of the flocs formed and the potential to remove estrogenic
compounds.
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3.3.4.1 X-ray diffraction
XRD analysis was conducted on iron floc samples that were collected and freezedried to determine their crystalline phases. Strong peaks at 2θ of 13.9º, 27.0º, 36.3º, and
46.8º were observed from the XRD patterns, suggesting the formation of lepidocrocite (γFeOOH) as the dominant product (see Appendix 3F, Figure 3F). Lepidocrocite has been
reported as a typical oxidation product of Fe(II) by dissolved oxygen under ambient
conditions (Cornell et al., 2003), and results are consistent with previous studies that
applied EC for inorganic pollutant removal with iron electrodes (Wan et al., 2011).
3.3.4.2 Zeta potential
Zeta potential measurements of the iron floc (γ-FeOOH) indicate a point of zero
charge (PZC) of 5.67 and an average floc diameter of 2255 nm. For comparison, data
from literature reports PZCs values for γ-FeOOH of 6.7 to 7.45 and the dissociation
constants are approximately 6.3 and 8.3 (Cornell et al., 2003). From these measured
values and literature values, when the charge of the floc is net positive, no deprotonated
estrogenic compounds are present as E1, E2, E3, and EE2 have acid-dissociation
constants greater than 10.3 (see Table 2A in Appendix 2A). However, many experiments
had final pH values of 10 and greater and still had little removal. The bulk solution pH
influences the surface charge of the iron hydroxide flocs, and thus the PZC. When the pH
of the solution is greater than the PZC, the net surface charge of the floc carries a net
negative charge and will repulse anions (Tong et al., 2016). Thus, adsorption of estrogens
to iron oxide floc due to direct coulombic attraction is unlikely.
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Additionally, assuming the electrode has a similar PZC, when the zeta potential is
zero around the point of zero charge, the ionic electrical double layer (EDL) is absent,
decreasing the overall distance to the electrode, thereby improving the possibility for
direct electrode redox reactions (Bagotsky, 2005). Another important factor is that in
highly concentrated ionic solutions, the potential is very small and the diffuse EDL
collapses against the electrode surface, which also decreases the distance to the electrode
surface for direct redox reactions (Bagotsky, 2005).
3.3.4.3 SEM and EDX analyses
The SEM photographs of the iron floc at magnifications of x55, x500, and x650
are in Appendix 3G, Figure 3G.1. The photos indicate that at x55 and x500, the
micrometer-sized particles are crystalline and are plate-like in overall structure. This is
consistent with lepidocrocite, which is commonly formed via Fe(II) systems (Cornell et
al., 2003). The EDX analysis (see Appendix 3G, Figure 3G.2) suggested that the major
components of the floc are iron and oxygen.

3.4

Conclusions
The purpose of this research was to determine the possibility for estrogenic

compound removal, the parameters to achieve that removal, the kinetics of removal, and
to characterize the floc formed in the reactor. The implications of this study provide
knowledge on the use of EC for the removal of uncharged organic micropollutants and
give an indication of mechanism via the best-fit kinetic relationship for removal. The EC
process was successfully applied to remove estrogenic compounds from water. The
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operation parameters to achieve the greatest removal in this study were 16.7 mA cm-2,
1000 µS cm-1, 30 s polarity reversal time, and a stir rate of 500 rpm. Removal efficiencies
for E1, E2, E3, and EE2 were 81%, 87%, 85%, and 97%, respectively. With increasing
conductivity, there was no significant increase in removal, but there was a decrease in
potential required. An increase in current density, because of increasing current,
correlated well with an increase in overall estrogenic compound removal. An
investigation into polarity reversal determined that shorter polarity reversal time using an
iron EC two electrode reactor increased removals of estrogenic compounds, likely due to
decreased passivation at the electrode surface. A number of kinetic models were applied
and compared for E1, E2, E3, and EE2 and all compound removal followed pseudo-first
order kinetics. Characterization of the floc produced during EC showed that the charge at
neutral pH was negative. XRD analyses determined the major species present was
lepidocrocite. These findings suggest that EC using iron electrodes has great potential for
use in water treatment, as it is capable of removing estrogenic compounds in water. More
research is required to understand the removal mechanisms, electrode material
passivation, and impact of water characteristics.
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4

REMOVAL OF ESTROGENIC COMPOUNDS VIA IRON
ELECTROCOAGULATION: IMPACT OF WATER QUALITY AND
ASSESSMENT OF REMOVAL MECHANISMS

This chapter was originally published as:

Maher, E., O’Malley, K., Heffron, J., Huo, J., Wang, Y., Mayer, B., McNamara, P. 2019.
Removal of Estrogenic Compounds: Via Iron Electrocoagulation: Impact of Water
Quality and Assessment of Removal Mechanisms. Environmental Science: Water
Research and Technology 5(5): 956–66.

It is republished here, with minor adjustments, with permission from the journal.

4.1

Introduction
Public health concerns have been raised over the presence of steroidal estrogenic

compounds - estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethynylestradiol
(EE2) - in drinking water, surface water, groundwater, and wastewater, ranging in
concentration from ng L-1 to µg L-1 (Benotti, Trenholm, et al., 2009; Conley et al., 2017;
Daughton & Ternes, 1999; Kolpin et al., 2002; Kuch & Ballschmiter, 2001; S. A. Snyder
et al., 2003; Ternes, 1998; Wang et al., 2018; Westerhoff et al., 2005). A number of
studies have shown that estrogenic compounds persist through conventional drinking
water treatment at concentrations around 0.5 ng L-1 (Aris et al., 2014; Kuch &
Ballschmiter, 2001; Westerhoff et al., 2005). Concentrations in surface water are
typically at the ng L-1 level, although concentrations as high as 4381 ng L -1 have been
reported (Pereira, Postigo, de Alda, Daniel, & Barceló, 2011). The average
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concentrations of estrogenic compounds in wastewater are typically in the ng L -1 range
and are highly variable. Wastewater concentrations range from 1.3 to 670 ng L-1 for E1,
0.5 to 138 ng L-1 for E2, 2 to 470 ng L-1 for E3, and 1.5 to 155 ng L-1 for EE2 (Aris et al.,
2014; Z. H. Liu et al., 2015). In addition, estrogenic compounds may undergo
transformations in water treatment systems. When natural estrogenic compounds are
deconjugated, the compounds can become more resistant to oxidation, but also have less
estrogenic activity (Z. H. Liu et al., 2015; Wang et al., 2018). The occurrence of
estrogenic compounds at these levels has heightened awareness in terms of their
ecological and human health impacts and the need for technological advances in water
treatment (Daughton & Ternes, 1999; Westerhoff et al., 2005).
Hormones and hormone-like compounds are able to mimic, increase, or inhibit
other hormones (National Institute of Environmental Health Sciences, 2010; Roy et al.,
2009). Hormones altering the function of the endocrine system can potentially trigger
health complications by interfering with synthesis, metabolism, and binding or cellular
response of natural hormones (Roy et al., 2009). For example, estrogenic compounds are
capable of feminizing fish and affecting puberty in humans (Kidd et al., 2007; Roy et al.,
2009; Vajda et al., 2008b). These estrogenic compounds are 18-C steroids, in order of
decreasing estrogenic activity, they are EE2>E2>E1>E3 (J. Li, Jiang, Liu, & Lv, 2013).
As a result, estrogenic compounds, including E1, E2, E3, and EE2, are listed on
the U.S. Environmental Protection Agency’s (USEPA) Contaminant Candidate List
(CCL) version 4 (2016). The CCL includes contaminants that are not currently regulated
by drinking water standards but are likely to occur in public drinking water systems (US
EPA, 2016). These CCL contaminants are considered emerging contaminants of interest
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in regards to public health concerns related to exposure from drinking water, meaning
that more research is needed to fill knowledge gaps prior to regulatory determinations
(US EPA, 2016).
Not all drinking water treatment facilities are equipped with technologies capable
of effectively removing estrogenic compounds and, as a result, their removal is highly
variable. Specifically, the physical-chemical coagulation/flocculation/sedimentation
treatment process conventionally used to treat surface water was not designed to remove
estrogenic compounds. While using alum and ferric chloride for
coagulation/flocculation/sedimentation, Westerhoff et al. (2005) reported that E1, E2, and
EE2 were removed by only 5%, 2%, and 0%, respectively (Westerhoff et al., 2005).
Accordingly, alternative unit operations have been investigated for removal of estrogenic
compounds as part of point-of-use, emergency, and municipal treatment systems.
Electrocoagulation (EC) may be a good candidate for estrogen removal due to in-situ
coagulant generation coupled with redox reactions (Heidmann & Calmano, 2008; H. Liu
et al., 2010; Mollah et al., 2004). EC employs sacrificial electrodes, typically either
aluminum or iron, to produce metal hydroxide flocs (H. Liu et al., 2010; Mollah et al.,
2004).
Organic and inorganic contaminants may be oxidized in EC through anodic
oxidation (direct oxidation) reactions at the surface of the anode as well as indirect redox
reactions. These oxidants could include reactive oxygen species (ROS) such as hydroxyl
radicals (●OH) and superoxide radicals, or high valence iron species, such as ferryl iron
(Fe(IV)), via intermediate iron reactions (Heidmann & Calmano, 2008; Hug & Leupin,
2003; Keenan & Sedlak, 2008b, 2008a; L. Li et al., 2012; H. Liu et al., 2010; Mollah et
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al., 2004). Through the combination of physical adsorption in flocs and oxidative
degradation, EC has been shown to efficiently remove a variety of pollutants, including
turbidity, chemical oxygen demand, biochemical oxygen demand, phosphate, and color in
wastewaters (Rajeshwar et al., 1994). In drinking water applications, EC is capable of
removing heavy metals (Heffron et al., 2016; Heidmann & Calmano, 2008),
polyfluoroalkyl acids (PFAAs) (Lin et al., 2015), and some pharmaceuticals including
sulfamethoxazole and trimethoprim (Ghatak, 2014; Martins et al., 2011; Mission et al.,
2010).
Our previous work discovered that EC was capable of removing estrogenic
compounds, but the impact of water quality parameters and the removal mechanisms
remain unknown (Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). The specific
research objectives of this research were to 1) assess the impact of water quality
parameters (pH, turbidity, and dissolved organic carbon [DOC]) on the removal of
estrogenic compounds (E1, E2, E3, and EE2) and 2) estimate the relative contribution of
different mechanisms (e.g., adsorption, oxidation) responsible for removal of estrogenic
compounds via EC.

4.2

Materials and Methods

4.2.1 Chemicals
Stock solutions of E1, E2, E3, and EE2 were prepared in HPLC-grade methanol
(≥99%) purchased from Alfa Aesar (West Hill, MA). E1 (≥99% purity), E2 (≥98%), E3
(≥97%), EE2 (≥98%), sodium bicarbonate (≥99%), sodium sulfate (≥99%), and tert-butyl
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alcohol (t-BuOH) (≥99%) were purchased from Sigma-Aldrich (St. Louis, MO). Ferric
sulfate (81%) and ferrous sulfate (>99%) were purchased from J.T. Baker Chemical
Company (Phillipsburg, NJ) for use in conventional coagulation jar tests. Fine test dust
(ISO 12103-1, A2 Fine Test Dust) was purchased from Powder Technology, Inc.
(Burnsville, MN) for turbidity experiments. Dissolved organic carbon (DOC) was
purchased as Suwannee River natural organic matter (NOM) isolate (RO isolation) from
the International Humic Substances Society (IHSS, St. Paul, MN). Sulfuric acid (96.6%)
was purchased from Fisher Scientific International, Inc. (Fair Lawn, NJ).
4.2.2 Reactor operation
EC batch experiments were performed in a 500-mL glass reactor equipped with
two electrodes with an inter-electrode distance of 1 cm (Maher, O’Malley, Heffron, Huo,
Mayer, et al., 2019). This inter-electrode distance was selected based on Naje et al.
(2015). The electrodes used in EC tests were iron (mild steel) plates with an active anode
surface area of 60 cm2. The experiments were conducted at a current density of 16.7
mA/cm2 with applied potential fluctuating from 11 to 16 volts and a stir rate of 500 rpm
(Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). Power was supplied using a
compact benchtop DC power supply (Sorensen XPH75-2D, 300W, 0-75W, 0-2A, dual
output, universal input 110VAC to 240VAC). A current alternator (kindly provided by
A/O Smith Corporation, Brookfield, WI) alternated the polarity between the electrodes
every 30 seconds. Previous tests determined that 30 seconds was the ideal polarity
reversal time to reduce electrode passivation and improve estrogen removal (Maher,
O’Malley, Heffron, Huo, Mayer, et al., 2019). A multi-position magnetic stirrer was used
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to completely mix the reactors during batch tests. Tests were conducted for two hours,
with 1-mL samples collected at 0, 5, and 120 min. This time was sufficient to achieve
less than 10% variation in effluent concentrations, as indicated by kinetic tests completed
previously (Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). The 1-mL samples
changed the reactor volume by 0.4%, and thus had negligible impact on treatment
conditions.
To eliminate organic contamination or residual estrogenic compounds from
previous adsorption to the reactor surfaces, all glassware, stir bars, and caps were rinsed
three times with methanol. The 4-mL glass amber sample vials were baked at 550°C for
45 minutes and cooled to remove any residual organics. Preliminary control tests
indicated less than 5% of the estrogenic compounds adsorbed to the glassware. Between
experiments, the electrodes were acid washed in a 2-M sulfuric acid, rinsed with Milli-Q
water, and cleaned with Alconox®. The electrodes were then scoured with an abrasive
scrubber, followed by sanding with 320 grit fine sandpaper, and sonicated in methanol
for 20 minutes. A minimum of triplicate tests were conducted to account for variation in
electrode pitting and to ensure reproducibility of EC performance. Samples were
collected, digested and analyzed for total dissolved iron via inductively coupled plasma
mass spectrometry (ICP-MS, 7700 Series, Agilent Technologies, Santa Clara, CA, USA).
For all experiments, the test water was prepared in Milli-Q (Millipore, Burlington,
MA) water with a conductivity of 18.2 MΩ at 22 ± 1°C. The water was augmented with
an additional electrolyte concentration of approximately 4.51 mM (1000 µS/cm) using
sodium sulfate (Na2SO4), alkalinity at 85 mg L-1 as CaCO3 using sodium bicarbonate, and
pH adjustment using sodium hydroxide or sulfuric acid. The pH was adjusted to
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approximately 7 for all tests with the exception of the pH tests with different target
values, as shown in Table 4.1. All estrogenic compounds (E1, E2, E3, and EE2) were
added at a nominal concentration of 200 µg L-1 in a methanol solution. Table 2A in
Appendix 2A includes the physical-chemical characteristics of the estrogenic compounds.
Co-solvent effects from methanol were negligible as the volumetric fraction of methanol
to water was 0.05% (Tong et al., 2016).

Table 4.1 Water quality parameters test matrix
Parameter

Range

Means of Adjustment

pH

5.5 - 9.5

Sulfuric acid and sodium hydroxide

Turbidity (NTU)

0 - 60

ISO 12103-1, A2 fine test dust

DOC (mg L-1)

0 - 15

Suwannee River NOM isolate

4.2.3 Influence of water quality parameters
EC experiments were conducted in the batch-scale reactor described in section
4.2.2 to investigate the impact of pH, turbidity, and DOC on the removal of estrogenic
compounds (Table 4.1). The pH was measured using an Orion 4 Star pH meter (Thermo
Scientific, USA) and turbidity was measured using a 2100AN Turbidimeter (Hach,
Loveland, CO, USA).
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4.2.4 Investigation of removal mechanisms
4.2.4.1 Role of adsorption
Three types of experiments were conducted to evaluate the relative importance of
adsorption as an estrogenic compound removal mechanism during EC: (1) surface
adsorption to pre-formed EC flocs, (2) entrapment of estrogenic compounds during iron
floc formation tested via conventional coagulation jar tests using ferric sulfate
(Fe2(SO4)3) and ferrous sulfate (FeSO4), and (3) estrogen extraction from iron oxide floc.
All iron oxides were analyzed and identified using X-Ray Diffraction (XRD), in
accordance with methods reported by Maher et al. ( 2019a).
To test adsorption to pre-formed EC flocs, the test water for the EC reactor was
prepared without estrogenic compounds. After 120 minutes of EC to produce in-situ
flocs, the power source was turned off and estrogenic compounds were spiked into the
reactor at approximately 200 µg L-1. The solution was mixed for 120 minutes to replicate
a standard EC test, but with no power input. This test was performed to estimate the
fraction of compounds adsorbed onto flocs after formation. The flocs formed in the
reactors were similar, i.e., dosed at the same rate, and formed using the same electrode
material, as the iron flocs formed in a typical EC experiment.
The flocs were characterized using XRD at 5, 15, 30, 60 and 120 minutes to
assess the chemical nature of the floc material over the course of the 120-minute EC run.
Pre-formed floc adsorption experiments were conducted to address weak hydrophobic
forces to the exterior of the floc. The experimental approach eliminated any estrogenic
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compound removal due to electrochemical reactions, the influence of electrophoretic
movement, or removal due to enmeshment in the flocs during floc formation.
Physical removal and enmeshment of the estrogenic compounds was assessed by
performing conventional coagulation tests in the EC reactors without electricity.
Enmeshment was calculated by subtracting the estrogenic compound removal from
adsorption during conventional coagulation tests from adsorption to the preformed floc.
Each reactor was dosed with approximately 200 µg L-1 of estrogenic compounds and
2800 mg L-1 as ferric iron, using ferric and ferrous sulfate, which was equivalent to the
iron dose generated during the 2-hour EC tests, as calculated using Faraday’s Law and
confirmed as total iron via ICP-MS analysis. The iron dose was based on the time
required for the estrogens to reach less than 10% variation in concentration. After
coagulant addition, the pH of the reactor was adjusted to 7.0 using sodium hydroxide.
The reactors were mixed at 500 rpm for two hours. These experiments eliminated any
impacts of electrophoretic movement or removal due to intermediate electrochemical
reactions. While these iron flocs are not the same as those generated during EC (see
Appendix 4A, Figure 4A.1), they were used as a surrogate to assess estrogen removal via
enmeshment in the floc when no electrochemical oxidation or reduction reactions are
occurring. Differences in flocs generated during conventional coagulation and EC will
certainly exist due to differences in the thermodynamics of the system and subsequent EC
floc species generated. To further explore such differences, the flocs formed in
conventional coagulation tests were examined via XRD to determine if they have a
similar oxidation state as the EC generated iron floc.
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Ultrasonic-assisted extraction of estrogenic compounds from the iron oxide floc
was completed to examine the mass adsorbed using established methods (Albero,
Sánchez-Brunete, García-Valcárcel, Pérez, & Tadeo, 2015; Schauer et al., 2014).
Experiments for extraction were spiked with 500 µg L-1 of E1, E2, E3, and EE2 for
enhanced detection with liquid-chromatography mass spectrometry (LC-MS). Equal
volumes of samples were mixed with methanol extraction solvent. Samples were
sonicated with a Q500 QSonica Ultrasonic Homogenizer (QSonica, Newton, CT) at 20
kHz and 500 W in pulse mode for 5 minutes (15 sec pulse and 45 sec rest). The samples
were processed at room temperature and kept in an ice bath during homogenization. The
percent recoveries for this process were 137±19 for E1, 116±9 for E2, 126±8 for E3, and
108±7 for EE2.
4.2.4.2 Role of oxidation
Oxidant scavenger batch experiments were conducted to evaluate the relative
importance of i) indirect oxidation (dissolved oxidants such as Fe(IV), ROS [●O2-, ●OH,
H2O2, and ●SO4-] and carbonate radical (●CO3-) formed during EC) and ii) direct
oxidation (anodic oxidation due to direct electron transfer at the anode or surface-bound
ROS at the electrode surface) as estrogen removal mechanisms (Barazesh et al., 2016; Du
et al., 2017; Hug & Leupin, 2003). Oxidant scavengers, like saturated alcohols (t-BuOH),
do not readily react with the electrode surface; however they do react rapidly with
dissolved oxidants (likely ●OH or ●CO3-) and, as a result, provide insight into the
importance of solution-phase intermediates (Barazesh et al., 2016).
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Sulfate radical production could be evaluated from the direct oxidation
experiments because methanol is also a well-established sulfate radical scavenger (Zhao
et al., 2010). However, sulfate radical production was unlikely in the absence of
peroxodisfulate or peroxomonosulfate during EC (Govindan et al., 2014).
The indirect ROS oxidants were scavenged by t-BuOH by dosing in excess every
10 minutes during an EC test to achieve an overall concentration of 0.25 M (Jeong, Kim,
& Yoon, 2009; Mcdowell, Huber, Wagner, Von Gunten, & Ternes, 2005; Rivas, Beltrán,
Frades, & Buxeda, 2001). t-BuOH is a well-known efficient scavenger of ●OH, but is
less reactive with high valence iron species such as Fe(IV) (Buxton, Greenstock, Helman,
& Ross, 1988; L. Chen et al., 2011; Pignatello, Liu, & Huston, 1999; Rahhal & Richter,
1988; Rush, Maskos, & Koppenol, 1990). Tests under these conditions eliminated the
influence of ROS to better probe its influence on estrogenic compound removal during
EC. In other tests, excess methanol was dosed incrementally for an overall concentration
of 0.59 M to scavenge all oxidants present including both ROS and high valence iron
species such as Fe(IV) (Pestovsky & Bakac, 2004; Zhou et al., 2016). The impact of
other oxidants (free chlorine and hydrogen peroxide) was negligible because no
chloride/chlorine was present in these tests, and hydrogen peroxide has been shown to be
non-reactive with estrogenic compounds (Andaluri, Pal, & Suri, 2017).
Oxidation transformation products were examined by conducting EC experiments
dosed with each compound separately. These samples were then analyzed for E1, E2, and
E3 to test if EE2 had been transformed to these products. These specific byproducts were
evaluated here as an indication of degradation via oxidation.
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4.2.5 Analytical methods and quality assurance/quality control (QA/QC)
All analytical methods, sample preparation methods, spike and recovery
experiments, standard curve requirements, limit of detection (LOD), limit of
quantification (LOQ) and QA/QC were previously reported (Maher, O’Malley, Heffron,
Huo, Mayer, et al., 2019; Mayer et al., 2019). Estrogenic parent compound removal was
analyzed via LC-MS, as previously reported (Maher, O’Malley, Heffron, Huo, Mayer, et
al., 2019; Mayer et al., 2019). The standards for each test were prepared in the same
manner as the test water used; with electrolyte, pH adjustment, alkalinity, and estrogenic
compounds. Briefly, each experiment was completed in at least triplicate, alongside one
control reactor operated under same conditions but with no power input. During each test,
a blank water sample (no estrogens) was collected prior to the addition of the estrogen
stock solution to ensure clean glassware. Methanol was sampled and analyzed to ensure
no contamination. Instrument blanks were analyzed approximately every six samples
during LC-MS runs to ensure no carryover on the column between samples.
4.2.6 Statistical analysis
Statistical data analysis was performed with Graphpad Prism 7® (Graphpad
Software, La Jolla, CA). A one-way analysis of variance (ANOVA) was performed for
each compound for each water quality parameter. A one-way ANOVA was also
performed for conventional coagulation jar tests, adsorption tests and oxidant scavenger
treatment tests. A Student’s t-test was performed for the comparison of the EC test to the
adsorption test using the pre-formed iron floc. All data transformations were conducted in
the same manner as Maher et al. (2019a). Post-hoc tests were performed with the Fisher’s
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least significant difference (LSD) test and all error bars on figures represent the standard
error of the mean. Any potential outliers were examined using the Grubb’s Test and were
then excluded (“GraphPad QuickCalcs: outlier calculator,” 2018).
The treatment effectiveness was evaluated based on the electrical energy per order
(EEO; kWh m-3 order-1) - a measure of the amount of energy required to reduce the
concentration of the compounds by one order of magnitude in a unit volume (Andaluri,
Rokhina, & Suri, 2012; Bolton, Bircher, Tumas, & Tolman, 2001; Hansen & Andersen,
2012; Sarkar, Ali, Rehmann, Nakhla, & Ray, 2014). This commonly used metric is a
convenient value to compare treatment processes and was calculated for each compound
using eq. 4.1 (Bolton et al., 2001).

𝐸𝐸𝑂 =

1000𝑃∗𝑡
𝐶
𝑉∗𝑙𝑜𝑔( 𝑖 )

eq. 4.1

𝐶𝑓

P is the rated power (kW), t is the time (hour), V is the volume (L), C i is the
influent estrogen concentration (μg L-1), and Cf is the final estrogen concentration.

4.3

Results and Discussion

4.3.1 Influence of water quality parameters
4.3.1.1 Effects of pH
Estrogenic compound removal generally increased as pH increased for E1, E2,
and E3, with greatest removal at pH 9.5 (Figure 4.1; ANOVA p-value < 0.0001; see

80
Appendix 4B, Tables 4B.1 for post-hoc p-values). The pH is an important characteristic
for the EC system as it impacts the speciation and oxidation rate of iron oxides and
estrogenic compounds (see Appendix 2A, Table 2A, for pKas) (Kobya, Can, &
Bayramoglu, 2003; C. Li et al., 2008; Zhou et al., 2016). Fe(II) oxidation is strongly pH
dependent and higher pH is likely to increase the rate of Fe(II) oxidation to Fe(III),
decrease the competition of aqueous Fe(II) for intermediate oxidants (Fe(IV)), and
decrease the formation of ferric oxides (L. Li et al., 2012). As a result, the increased rate
of oxidation of Fe(II) to Fe(III) may increase the rate of indirect oxidant production and
direct electron transfer with the anode and thus increase the rate of estrogenic compound
degradation. As a result of alkaline conditions being more favorable, the formation of
higher valence iron species offers greater potential for the formation of indirect oxidants
and would explain the increase in removal as a function of pH (L. Li et al., 2012).
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Figure 4.1 Impact of pH on removal of E1, E2, E3, and EE2.The percent removal for
each estrogenic compound was significantly different between pH values. Error bars
represent the standard error of the mean, n = 3 for all tests.
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Additionally, the pKa values of estrogenic compounds are all greater than 9.5,
ranging from 10.3 to 10.8; thus at pH values below the dissociation constant, all
compounds trend toward full protonation and neutral charge. As the pH of the system
approaches the pKa values, larger fractions of the compounds are partially dissociated
and their negatively charged components are more likely attracted to the positively
charged anode surface where they may be oxidized via anodic oxidation, which could
increase removal.
With respect to adsorption, pH plays an important role in electrochemical
coagulation processes by dictating the formation of complexes via hydrolysis and
polymerization (H. Liu et al., 2010). The optimal pH for insoluble floc formation of iron
oxide species is between pH 6 and 9 (Cornell et al., 2003). In these reactors, the iron
oxyhydroxide generated in-situ was lepidocrocite (γ-FeOOH) (Maher, O’Malley,
Heffron, Huo, Mayer, et al., 2019), the speciation of which is pH dependent with pKa
values of 6.4 and 8.3 (Malakootian, Mansoorian, & Moosazadeh, 2010). Lepidocrocite
remained the major species at pH values 5 and 9.5 (see Appendix 4A, Figure 4A.2). The
point of zero charge (PZC) of lepidocrocite ranges from 6.7 to 7.45 (Cornell et al., 2003).
The PZC was previously measured on the EC iron oxide floc formed in these experiments
as 5.6±0.018 (Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). Therefore, at neutral
pH, the surface charge of this iron oxide floc is negative. The estrogenic compounds are
neutrally charged at neutral pH, so the iron floc and the estrogenic compounds are not
oppositely charged and will not attract at neutral pH, with the exception of a small
fraction of deprotonated estrogenic compounds at higher pH values.
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4.3.1.2 Effects of turbidity
Turbidity had a statistically significant but minor impact on the removal of E1 and
E2 (Figure 4.2, ANOVA p-values < 0.05; see Appendix 4B, Tables 4B.2 for post-hoc pvalues) and did not impact E3 removal (ANOVA p-value =0.06). The decrease in percent
removal was not greater than 11% for E1, E2, and EE2 between no added turbidity (0.0
NTU) and 2.0 NTU, and there was no difference in removal between 0.0 NTU tests and
60 NTU tests (Figure 4.2). The dose of iron generated in-situ during the 2-hr EC tests was
much larger than the relatively minor variations in turbidity and therefore turbidity was
not expected to decrease estrogen removal. The increase in turbidity was expected to
increase adsorption of estrogens to the iron oxide floc due to the likelihood of larger floc
formation and enmeshment (Crittenden et al., 2012a). With an initial turbidity of zero,
there was likely no oxidation inhibition. With the addition of a small amount of turbidity
(2.0 NTU), the test dust may have scavenged oxidants, thereby inhibiting oxidation of
estrogenic compounds. For the highest turbidity tested (60.0 NTU), adsorption of
estrogens to the flocculated particles may have been enhanced by the higher number of
particles present (Crittenden et al., 2012b). While there were statistically significant
variations, there was no consistent trend between compound removal and turbidity for
any of the compounds. EE2 was consistently removed to the detection limit in all tests.
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Figure 4.2 Impact of turbidity on removal of estrogens (0.0 NTU, n=3; 2.0 NTU, n=4; 60
NTU, n=4). The error bars represent the standard error of the mean. Asterisks indicate
significant difference between all other conditions for a single estrogenic compound. Bars
indicate difference between specific conditions.
4.3.1.3 Effects of dissolved organic carbon
The DOC concentration did not significantly impact removal of E1, E3, or EE2
(Figure 4.3; p-value > 0.11). Removal of E2 did vary with DOC concentration as the
percent of E2 removal decreased between 0.5 and 15 mg L -1 DOC (ANOVA p-value =
0.025; see Appendix 4B, Tables 4B.3 for post-hoc p-values). DOC has been shown to
inhibit estrogenic compound degradation that occurs from high valence iron species (Y.
Lee, Yoon, & Von Gunten, 2005), indicating that DOC may have interfered with
estrogenic compound oxidation. Some studies have shown an increase in sorption of E1,
E2, E3, and EE2 to iron oxide flocs in the presence of total organic carbon (Casey,
Larsen, Hakk, & Šimůnek, 2003; Khanal et al., 2006; Lai et al., 2000), but this trend was
not observed, indicating that removal by sorption likely played a smaller role than
removal by oxidation. The average percent removal decreased for E1, E2, and E3 at DOC
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concentrations of 15 mg L-1. Although this decrease was not statistically significant, it
was expected, as Khan et al. previously reported that DOC scavenges oxidants, which
would then interfere with estrogenic compound oxidation (Khan et al., 2013). However,
Khan et al.’s research was based on removal due to hydroxyl radicals and not due to
anodic oxidation. Compounds that have high molecular weights, such as humic and fulvic
substances, have been shown to be more resistant to anodic oxidation (Chiang et al.,
2000). Therefore, the small decrease in estrogenic compound removal may be due to
competition from DOC scavenging indirect oxidants. These results imply anodic
oxidation may be the major removal mechanism due to the lack of DOC’s interference in
estrogen removal and DOC’s resistance to anodic oxidation.
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Figure 4.3 Impact of DOC on removal of estrogens (0.0 mg L-1, n=6; 0.5 mg L-1, n=4;
15.0 mg L-1, n=4). The error bars represent the standard error of the mean. Asterisks
indicate significant difference between all other conditions within a single estrogenic
compound. Bars indicate difference between specific conditions.
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4.3.2 Investigating mechanisms
4.3.2.1 Role of adsorption
The natural estrogenic compounds (E1, E2, E3) have solubility limits of 13 mg
L−1, and the synthetic estrogenic compound (EE2) has a solubility of 4.8 mg L −1 (See
Appendix 2A, Table 2A) (Ying et al., 2002). All of the compounds have low vapor
pressures, indicating low volatility (Ying et al., 2002). These properties indicate that the
estrogenic compounds are hydrophobic organic compounds with low volatility and high
adsorption potential (Ying et al., 2002). However, estrogenic compounds are not charged
at neutral pH and are moderately polar; thus, it is expected the adsorption mechanisms
are likely due to weak attractive forces (Crittenden et al., 2012b; Sarkar, 2013). At higher
pH, estrogenic compounds and iron oxide flocs are negatively charged and would likely
repel each other, limiting adsorption capabilities.
4.3.2.1.1 Adsorption to pre-formed EC flocs
Less estrogenic compound removal occurred during adsorption tests with preformed iron floc compared to EC (Figure 4.4, t-test p-values <0.0001), indicating that
estrogenic compounds do not adsorb well to the flocs formed during EC. These results
corroborate the findings of low estrogenic compound removal via adsorption to iron in
conventional coagulation experiments (Westerhoff et al., 2005). Estrogenic compound
removal in the pre-formed floc experiments was due to physical adsorption to the floc
surface because the experimental approach eliminated any estrogenic compound removal
due to electrochemical reactions, the influence of electrophoretic movement, or removal
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due to enmeshment in the flocs during floc formation. As previously mentioned in
Section 4.3.1.1, the major iron precipitate was -FeOOH (PZC measured = 5.7) (Maher,
O’Malley, Heffron, Huo, Mayer, et al., 2019).
Lepidocrocite remained the major species throughout the entire electrolysis time,
at varying pH values, and for the pre-formed floc which was identified previously by
Maher et al. (see Appendix 4A, Figure 4A.2) (Maher, O’Malley, Heffron, Huo, Mayer, et
al., 2019). Therefore, at neutral pH the charge of the floc is net negative while the
estrogenic compounds are uncharged. Consequently, attraction due to coulombic
attraction would be unlikely.
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Figure 4.4 Removal of estrogens via EC (EC with Iron, n=3) compared to removal via
adsorption using iron floc formed from EC (Pre-formed Iron Floc n=5). Pre-formed iron
flocs were prepared using standard operating parameters (1000 µS cm-1, 16.7 mA cm-2,
120 minutes and pH 7). After floc formation, the electricity input was stopped, the
electrodes were withdrawn, and estrogens were spiked at 200 µg L-1 followed by 120
minutes of mixing to test for removal via adsorption. The percent removal for each
estrogenic compound was significantly different between EC with Iron and pre-formed
iron floc values. The error bars represent the standard error of the mean.
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4.3.2.1.2 Adsorption or enmeshment to flocs formed during ferric sulfate
(Fe2(SO4)3) and ferrous sulfate (FeSO4) conventional coagulation jar tests
During the conventional coagulation experiments, estrogenic compound removal
via adsorption accounted for <9% removal of E1, E2, and E3 and approximately 30% for
EE2 with Fe2(SO4)3 and <24% for E1, E2, and E3 and approximately 42% for EE2 with
FeSO4 (Figure 5). Fe2(SO4)3 and FeSO4 were both used in the conventional coagulation
jar tests because both iron oxidation states (Fe(III) or Fe(II)) may be present during EC
and may form precipitates (Moreno et al., 2007). XRD analysis suggested that Fe2(SO4)3
produced flocs consisting of a mixture of goethite (α-FeOOH) and natrojarosite
(NaFe3(SO4)2(OH)6) (Appendix 4A, Figure 4A.1). The formation of natrojarosite may be
due to the hydrolysis and co-precipitation of Fe2(SO4)3 and Na2SO4 that was used as the
electrolyte in the coagulation experiments (Dutrizac, 1999; Sondi, Shi, & Matijević,
2001). In contrast, magnetite was identified as the predominant product in the flocs
generated from FeSO4, indicating a partial oxidation of Fe(II) to Fe(III) during the
coagulation process.
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Figure 4.5 Removal of estrogens via EC (EC with Iron, n=3) compared to removal via
conventional coagulation jar tests using ferric (CC – Ferric, n = 3) or ferrous sulfate (CC
– Ferrous n=3). The error bars represent the standard error of the mean. Asterisks indicate
significant difference between all other conditions for a single estrogenic compound.

Although Fe2(SO4)3 and FeSO4 produced different flocs, estrogenic compound
removals were not significantly different from each other (ANOVA p-value > 0.1; see
Appendix 4B, Table 4B.4 for post-hoc test p-values), and both were significantly less
than removal with EC (p-value < 0.007). Both chemical coagulation and EC typically
produce iron oxides and/or iron oxyhydroxides (Crittenden et al., 2012b; Malakootian et
al., 2010; Wan et al., 2011), but EC can form much larger floc that contains less bound
water and is typically more stable than conventional coagulation flocs (H. Liu et al.,
2010). Alternately, Lee and Gagnon observed that conventional coagulation flocs were
larger as well as more dense and stable than EC floc (S. Y. Lee & Gagnon, 2016). Iron
oxide flocs vary widely, and are strongly dependent upon the test matrix (S. Y. Lee &
Gagnon, 2016). The small fraction of estrogenic compounds that adsorbed to the floc
likely stemmed from hydrophobic interactions (Lorphensri et al., 2006), as at pH 7 the
estrogenic compounds are in their neutral, more hydrophobic form (see pKa and
LogKow’s listed in Appendix 2A, Table 2A). Estrogenic compound removal using EC
was much greater than with conventional coagulation jar tests and pre-formed floc
experiments. These results indicate removal was not solely due to adsorption because of
the low estrogenic compound removal during the pre-formed floc and conventional
coagulation experiments; nor was it solely enmeshment because of the much greater
removal in EC than in conventional coagulation jar tests.
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4.3.2.1.3 Estrogen extraction from iron oxide floc
Ultrasonic-assisted extraction was used to estimate the fraction of estrogenic
compounds adsorbed to the iron oxide floc. The extraction experiments indicated any
removal due to adsorption was undetectable (i.e. below the instrument detection; see
Appendix 4C, Table 4C).
4.3.2.2 Role of oxidation
The contributions to estrogenic compound removal due to oxidants formed in
solution were isolated by indirectly targeting the oxidant through the addition of selected
scavengers (Figure 4.6). In previous studies, the dissolution of zero-valent iron led to the
production of ROS and Fe(IV) (Buxton et al., 1988; Hug & Leupin, 2003; Keenan &
Sedlak, 2008b, 2008a; L. Li et al., 2012; Pignatello et al., 1999; Rahhal & Richter, 1988).
In EC, Fe(II) is released from the iron electrodes, making Fe(II)/O 2 reactions relevant
(Wan et al., 2011). Fe(II) is oxidized to Fe(III) via several intermediate reactions that
may form ●OH or Fe(IV) (reactions 4.1 through 4.7) (Keenan & Sedlak, 2008b; L. Li et
al., 2012).
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Fe(0) → Fe(II) + 2e-

4.1

2H+ + 2e- → H2(g)

4.2

Fe(II) + O2 → O2·- + Fe(III)

4.3

Fe(II) + O2● - + 2H+ → Fe(III) + H2O2

4.4

Fe(II) + H2O2 →Intermediate Reactions (IR)

4.5

IR → ●OH

4.6

IR → Fe(IV)

4.7
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Figure 4.6 Estimation of removal mechanisms contributing to estrogen removal in EC.
Contributions were calculated using averages derived from previously described
mechanism isolation tests and error bars represent standard error of the mean.

The potential oxidation of estrogenic compounds via ROS and Fe(IV) during EC
was examined in separate experiments by adding oxidant scavengers, t-BuOH and
methanol (MeOH), respectively (see Appendix 4D, Figure 4D). t-BuOH was added to
scavenge ROS including ●OH (Pignatello et al., 1999), while MeOH was added to
quench high valence iron species, including Fe(IV) (Pestovsky & Bakac, 2004; Rahhal &
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Richter, 1988; Zhou et al., 2016). Less estrogenic compound removal was observed for
tests with t-BuOH for E1, E2, and E3 (ANOVA p-values < 0.007; see Appendix 4B,
Table 4B.5 for post hoc tests), indicating that a portion of removal may be due to the
presence of ROS. The differences in removals between the t-BuOH results and standard
EC tests were 7% for E1, 14% for E2, and 8% for E3. EE2 was always removed below
detection limit, indicating that indirect oxidation played a negligible role on EE2
removal.
𝑂𝐻∙
Because MeOH will quench ROS (specifically ●OH) at a greater rate (𝑘𝑀𝑒𝑂𝐻
=
𝐹𝑒(𝐼𝑉)

9.7 × 108 𝑀 −1 𝑠 −1 > 𝑘𝑀𝑒𝑂𝐻 = 5.72 × 102 𝑀−1 𝑠 −1 ) (Zhou et al., 2016) compared to
Fe(IV), the percent removal due to Fe(IV) was estimated as the difference between the
EC tests with MeOH and EC tests with t-BuOH. The addition of MeOH significantly
decreased removal of E1, E2, and E3 (p-values < 0.05; see Appendix 4B, Table 4B.5 for
post hoc tests) compared to EC Only and EC with t-BuOH. The decrease in removal
indicates the possible presence of Fe(IV) or other high-valent iron oxidant species. The
potential presence of high-valent iron species (such as Fe(IV)) accounted for 8% removal
of E1, 9% of E2, and 12% of E3. This indicates some minor removal due to degradation
from high-valence iron oxidation at neutral pH. There was no change in EE2 removal
after the addition of either scavenger (p-values = 0.77).
EC experiments using only EE2 and E2 were completed to further probe the role
of oxidation by analyzing samples for possible oxidation products of EE2 and E2.
Additionally, samples were also analyzed for only E1, E2, E3 and EE2. The results
indicate oxidative transformation of EE2 to E1 occurred (see Appendix 4D, Table 4D.1)
and complete oxidation of E2 to E3 (see Appendix 4D, Table 4D.2). As the tests
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proceeded, the EE2 concentration decreased to zero (non-detect) and E1 appeared,
confirming oxidation is a removal mechanism. The conversion of EE2 to E1 has been
previously reported by two studies, Li et al. (2013) and Stumpe and Marschner (2009)
with a proposed degradation pathway of E2/EE2 →E1→E3 (J. Li et al., 2013; Stumpe &
Marschner, 2009). Our experiments indicated that EE2 was transformed to E1 (see
Appendix 4D, Table 4D.1) and that E2 was transformed to E3 (see Appendix 4D, Table
4D.2). The oxidation transformation of estrogenic compounds has been shown to
decrease estrogenic activity (Lenz, Beck, & Fuerhacker, 2002; Wang et al., 2018).
However, this depends on the oxidant and the degree of oxidation, as there is also
potential to produce recalcitrant, estrogenically-potent, intermediate organic by-products
(Frontistis et al., 2015; Lenz et al., 2002). Confirmation of all oxidation byproducts was
beyond the scope of this research, but future research should investigate the nature and
estrogenicity of the remaining deconjugated compounds, their potential toxicity, and the
extent of mineralization.
Overall, these results indicate that both ROS (e.g., ●OH) and high-valent iron
oxidants (e.g., Fe(IV)) may be present at neutral pH with estrogenic compound removals
ranging from 0 to 14% for ROS and 0 to 12% for high-valent iron oxidants. Accordingly,
indirect oxidation stemming from ROS and high valence iron species was not the major
removal mechanism for estrogenic compound removal during EC (Figure 4.6). Thus,
oxidation at the anode surface is likely diffusion limited. Previous tests on the impacts of
polarity reversal and stir rate revealed that oxidation was a major removal mechanism
(Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). A shorter polarity reversal time of
30 seconds increased estrogen removal by inhibiting the formation of the passivation
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layer and thus decreasing the rate of diffusion (Maher, O’Malley, Heffron, Huo, Mayer,
et al., 2019). Stir rates of 50, 120, and 500 rpm were also evaluated in our previous
research (Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). The results indicated a
faster stir rate improved removal, which was likely due to an increased velocity over the
surface of the electrode enhancing the mass transport from the anode surface into solution
(Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019). Oxidation is favored because at
higher stir rates the likelihood of floc break-up due to shear forces is greater, thus
reducing the probability of adsorption as a major mechanism (Maher, O’Malley, Heffron,
Huo, Mayer, et al., 2019). With adsorption responsible for approximately 0.6 to 21%
removal from external floc adsorption and enmeshment, anodic oxidation appeared to be
the major removal mechanism, with removals ranging from 53% to 73%. Future
experiments using cyclic voltammetry are recommended to fully explore the electron
transfer processes occurring at the electrode surface.
4.3.3 Consistent removal of EE2
The only synthetic hormone evaluated here, EE2, was removed to the detection
limit in nearly all EC experiments conducted in this study regardless of the various
parameters and scavengers. Minor differences in chemical structure and properties could
account for the difference in removal. In general, E1, E2, E3, and EE2 are similar in
structure (see Appendix 2A, Table 2A), with a tetracyclic network consisting of one
phenolic ring, two cyclohexane rings, and one cyclopentane ring (Zhang et al., 2015). All
are 18-C steroids that contain a phenolic moiety, making them estrogenic (Li Puma et al.,
2010). The oxidation of estrogenic compounds tends to occur at the phenolic moiety,
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depending upon the oxidant (Y. Lee, Escher, & Von Gunten, 2008). The major
differences between these compounds are the groups located on the C16 and C17 position
on the cyclopentane ring. E1 has a carbonyl group on C17, E2 has a hydroxyl group on
C17, E3 has hydroxyl groups on C16 and C17, and EE2 has an ethynyl group and a
hydroxyl group on C17 (Zhang et al., 2015). As mentioned in Section 4.2.1, all of the
estrogenic compounds have low vapor pressures indicative of low volatility.
Additionally, EE2 has a much lower Henry’s law constant (see Table 2A in the Appendix
2A) and less than half of the water solubility (Ying et al., 2002). In addition, the Log Kow
of the estrogenic compounds indicates partitioning to solids for EE2 may be more likely
than E1, E2, and E3 (Ying et al., 2002). Therefore, a combination of mechanisms could
contribute to the greater and more consistent removal of EE2. These could include better
adsorption capabilities than E1, E2, and E3 (as seen in adsorption tests in Section 4.2.1.1
and 4.2.1.2). Moreover, oxidation reactions may be more likely to occur at the electronrich ethynyl moiety (Y. Lee et al., 2008). Oxidation reactions could also be due to
abstraction of hydrogen in an aliphatic ring or at the phenolic moiety due to the nonselective behavior of anodic oxidation and hydroxyl radicals (Y. Lee et al., 2008).
Finally, it is noted that removal was calculated as the difference between
compounds detected at the end of the experiment from compounds present at the
beginning. The oxidation of EE2 could lead to a formation and increase in E1, which
decreases calculation of the overall removal of E1.
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4.3.4 Electrical energy per order
The electrical energy per order (EEO, Eq. 4.1) was calculated for each compound
to facilitate comparison of the energy needed for estrogenic compound degradation using
EC relative to other advanced treatment technologies. The E EO value can be used to
estimate energy and potential cost effectiveness of the treatment method and for potential
scale-up (Sarkar et al., 2014). For this batch system, the EEO ranged from approximately
35 to 85 kWh m-3 order-1 for the estrogenic compounds studied (Table 4.2). These values
are higher than those found for UV and UV/H2O2, but lower than those reported for
ozone (Table 4.2). Accordingly, although EC is effective at estrogenic compound
removal, the energy consumption is high per order of magnitude of compound removed,
which indicates that further optimization of the system, or an alternative technology
combination, is required. It is important to note that E EO values are highly dependent
upon operational parameters used during each experiment and will vary under different
conditions (Benotti, Stanford, Wert, & Snyder, 2009).
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Table 4.2 Comparison of Electric Energy per Order (E EO) from studies using advanced
oxidation processes (AOPs) for the removal of estrogenic compounds
Author

Treatment

E1
Maher (this
EC
82±11.2
study)
Benotti et al., Photocatalytic reactor
0.18±0.03
2009
membrane
Hansen and
Andersen,
UV Photolysis
1.2
2012
Hansen and
Andersen,
UV/H2O2 (60 mg L-1)
N.D
2012
Mayer et al.,
UV Photolysis
42.9
2019
Mayer et al.,
TiO2 Photocatalysis
38.8
2019
Sarkar et al.,
UV (254 nm)
14.2
2014
Sarkar et al.,
UV/H2O2 (60 mg L-1)
8.53
2014
Sarkar et al.,
Ozone (0.3 mg L-1)
268.32
2014
Sarkar et al.,
Ozone (0.65 mg L-1)
246.72
2014
± Indicates plus or minus the standard deviation.
N.D. = no data.
4.4

EEO (kWh m-3 order-1)
E2
E3

EE2

67±8.07

70±6.1

37±2.7

0.19±0.37

N.D.

0.23±0.04

4.9±0.8

N.D.

6.1±0.7

2.2±0.2

N.D.

1.8±0.03

50.7

41.4

60.7

41.3

54.4

45.7

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

Conclusions
EC with iron electrodes demonstrated promise for the removal of estrogenic

compounds in water. Greater than 80% removal of E1, E2, and E3 was achieved and
nearly complete removal of EE2 was achieved. Higher pH conditions were favorable for
estrogenic compound removal using iron EC. This was likely because iron speciation and
Fe(II) oxidation is highly pH dependent. Turbidity and DOC had minor impacts on
removal. Direct anodic oxidation was the major removal mechanism, with indirect
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oxidation from ROS and higher valence iron species such as Fe(IV), as well as sorption
playing a minor role. An experiment using only EE2 revealed that E1 was formed,
indicating that oxidation was indeed occurring. Overall, these findings confirm that EC
offers the added advantage over conventional drinking water treatment of removal of
organic micropollutants via oxidation. Future work should investigate the estrogenicity of
residual oxidation products. An EEO analysis revealed that while iron EC for the removal
of estrogenic compounds was effective at removing estrogenic compounds, it was not
energy efficient. These results may be used to inform design of more efficient EC
systems, including systems that pair EC with other treatment methods, such as EO.
Because oxidation was the key removal mechanism, EC is likely best used as a pretreatment system to remove bulk organics via adsorption such as DOC so that advanced
oxidation technologies can target organic micropollutants.
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5

5.1

ELECTROCOAGULATION AND ELECTROOXIDATION IN SERIES FOR
THE REMOVAL OF ESTROGENIC COMPOUNDS FROM WATER

Introduction
Estrogenic compounds are pervasive in the environment and have become a

concern due to their bioactive nature and potential to initiate a human hormonal response,
even at low doses (National Institute of Environmental Health Sciences, 2010; Roy et al.,
2009). The main source of these compounds in water is animal and human excreta, with
subsequent discharge to surface water after wastewater treatment, followed by uptake
into drinking water treatment plants (Z. H. Liu et al., 2015). Over the past few decades,
synthetic and natural human estrogenic compounds have been detected in water and
wastewater systems due to their limited removal during conventional treatment (Aris et
al., 2014; Benotti, Trenholm, et al., 2009; Conley et al., 2017; Daughton & Ternes, 1999;
Kuch & Ballschmiter, 2001; S. A. Snyder et al., 2003; Ternes, 1998; Wang et al., 2018;
Westerhoff et al., 2005). The presence of estrogenic compounds in drinking water also
presents a technical problem for smaller rural communities and point-of-use treatment
systems unable to adequately remove micropollutants, such as estrogenic compounds,
due to limitations for the implementation of advanced technologies. Therefore, additional
research on the removal of these compounds using an effective and low maintenance
technology for drinking water treatment would be beneficial.
Electrochemical treatment technologies have been used in industrial wastewater
treatment processes and have recently gained attention for drinking water treatment based
on their ability to provide efficient, safe, and effective removal of a variety of pollutants
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(Heffron et al., 2019; Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019; Öztürk et al.,
2019). Electrooxidation (EO) employs inert electrodes that indirectly oxidize
contaminants through the generation of oxidants in solution and directly oxidize
contaminants on the surface of the electrode (G. Chen, 2004; Heffron et al., 2019). Direct
oxidation occurs when pollutants are adsorbed on the surface of the electrode and are
oxidized through electron transfer without the involvement of any other substance
(Panizza, 2010). Indirect oxidation occurs not at the electrode surface, but through an
electroactive mediator, which transfers electrons from the electrode to the organic
pollutant (Panizza, 2010).
EO is capable of degrading a number of pollutants, including estrogenic
compounds (Frontistis et al., 2011; Murugananthan et al., 2007; Yoshihara &
Murugananthan, 2009), pharmaceuticals (Sopaj et al., 2015), industrial wastewater
contaminants (Panizza, 2010), landfill leachate (Anglada, Urtiaga, & Ortiz, 2010),
ammonia nitrogen (Anglada et al., 2010), and pathogens (Frontistis et al., 2011).
However, mineralization of target micropollutants can be impeded due to organic matter
scavenging the oxidants (Khan et al., 2013). This impedance is because relatively high
molecular weight natural organic matter, such as humic and fulvic substances, is more
resistant to anodic oxidation compared to micropollutants (Chiang et al., 2000; Panizza,
2010). Therefore, the removal of natural organic matter prior to EO treatment would
likely improve energy efficiency for treatment of estrogens.
Electrocoagulation (EC) offers an approach to remove organic matter ahead of
EO. EC is the in situ generation of a metal oxide coagulant via the dissolution of
sacrificial electrodes, either iron or aluminum, through the release of metal ions (Fe +2,
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Fe+3 and Al+3) (Linares-Hernández et al., 2010; Öztürk et al., 2019). Previous studies
have found that iron EC is capable of efficiently removing dissolved organic carbon
(DOC) (Dubrawski & Mohseni, 2013b; Ulu, Barişçi, Kobya, Särkkä, & Sillanpää, 2014),
but EC is not an efficient treatment method for estrogenic compound removal (Maher,
O’Malley, Heffron, Huo, Wang, et al., 2019).
The goal of this research was to assess removal of DOC and estrogenic
compounds (estrone [E1], 17β-estradiol [E2], estriol [E3], and 17α-ethynylestradiol
[EE2]) in a sequential EC-EO system while reducing energy consumption. It was
hypothesized that using EC and EO in series would decrease overall energy consumption
for removing DOC and estrogenic compounds compared to operating either of these
treatment systems independently. To the author’s knowledge, this is the first study that
evaluated and compared energy consumption and removal efficiency of DOC and
estrogenic compounds using EO and a sequential EC-EO system. The specific objectives
of this research were to (1) determine the impact of EC iron dose (based on electrolysis
time and current density) and flocculation stir rate on the removal of organic matter, (2)
determine the impact of current density and pH in EO on estrogenic compound removal,
(3) determine the impact of initial humic acid concentration in the sequential EC-EO
process on estrogenic compound removal, and (4) determine the energy efficiency of the
EC-EO system for treatment of each estrogenic compound.
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5.2

Materials and Methods

5.2.1 Chemicals
Estrogenic compounds (E1 [≥99% purity], E2 [≥98%], E3 [≥97%], EE2 [≥98%]),
sodium sulfate (≥99%), and humic acid sodium salt were purchased from Sigma-Aldrich
(St. Louis, MO). Estrogen stocks were prepared in HPLC-grade methanol (≥99%)
purchased from Alfa Aesar (West Hill, MA) and stored at -20 °C. Humic acid sodium salt
(Sigma-Aldrich, St. Louis, MO) was dissolved in ultra-pure Milli-Q (Millipore) water.
The humic acid sodium salt is the product of decomposed organic matter, particularly
dead plant material. Sulfuric acid (96.6%) and sodium bicarbonate from Fisher Scientific
International, Inc. (Fair Lawn, NJ) were used for pH adjustment.
5.2.2 Reactor operation
The sequential treatment system consisted of EC (electrolytic coagulation and
flocculation), separation via settling and EO batch experiments (see Figure 5A in
Appendix 5A). EC and EO experiments were performed in 250-mL glass Berzelius
beakers with a 3D printed plastic cap designed to fit two electrodes at an interelectrode
distance of 1 cm (Maher, O’Malley, Heffron, Huo, Mayer, et al., 2019; Maher, O’Malley,
Heffron, Huo, Wang, et al., 2019; Naje et al., 2015). Power was supplied using a
benchtop DC power supply (Sorensen XPH75-2D, 300W, 0-75W, 0-2A, dual output,
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universal input 110VAC to 240VAC). Tests were performed on a magnetic stirrer to
provide reactor mixing during experiments.
5.2.2.1 EC for the removal of organic matter prior to employing EO for estrogen
removal
Iron electrodes (1020 steel, fabricated by VMetals, Franklin, WI) with an active
anode surface area of 18 cm2 were used as the anode and cathode in EC experiments. In
EC experiments, the power supply was used in conjunction with a current alternator
(kindly provided by A/O Smith Corporation, Brookfield, WI) using a 30-sec polarity
reversal to reduce electrode passivation and improve efficiency (Maher, O’Malley,
Heffron, Huo, Mayer, et al., 2019). EC was conducted in 250 mL with coagulation at a
rapid mix stir rate of 120 rpm (velocity gradient [G] = 117 sec-1) followed by a slow
mixing flocculation period with no power. EC dosing time was evaluated to determine
the most effective time out of 0, 2, 4, 6, 8, and 10 minutes. From preliminary experiment
results, a flocculation mixing time of 15 minutes was used. The impact of variable
flocculation mixing speed (20, 40, 80, and 120 rpm, corresponding to G values of 8, 23,
64, and 117 sec-1, respectively) on DOC removal was investigated.
The test solution was prepared by adding humic acid sodium salt to Milli-Q
(Millipore, Burlington, MA; 18.2 MΩ at 22 ± 1°C) with approximately 4.51 mM (1000
µS/cm) Na2SO4 as the electrolyte, 85 mg L-1 as CaCO3 using sodium bicarbonate for
alkalinity, and pH adjustment with sodium hydroxide or sulfuric acid. The adjusted pH
was approximately 6.0 for all EC tests. DOC was added at approximately 20 mg L-1 C
(Dubrawski & Mohseni, 2013b).
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During evaluation of operational parameters of EC for organic matter removal, no
estrogens were dosed into the test water to eliminate interference from the estrogenassociated methanol on the total organic carbon (TOC) analyzer. In addition to DOC
measurements, UV-VIS254 measurements were collected for EC experiments to
characterize removal of organic matter. All glassware for DOC testing was acid washed
in 5% HCl solution and baked at 550°C according to USEPA Method 415.3 (Mayer et
al., 2019). The iron electrodes were acid washed (2 M sulfuric acid), rinsed with water,
washed with Alconox®, and wet sanded with 320 grit fine sandpaper (Maher, O’Malley,
Heffron, Huo, Mayer, et al., 2019; Maher, O’Malley, Heffron, Huo, Wang, et al., 2019).
5.2.2.2 EC-EO for estrogenic compound and organic matter removal
After 30 minutes of settling following flocculation, 200 mL of EC-treated water
were decanted into the EO reactor. Electrodes with a boron-doped diamond film on a
niobium substrate (Fraunhofer USA Inc.; Lansing, MI) with an active anode surface area
of 13.5 cm2 were used for EO. These electrodes were selected because several advantages
have been documented, including a wide solvent window (high potential range)
(Macpherson, 2015), low capacitance or background currents (Macpherson, 2015;
Panizza, 2010), reduced fouling (Macpherson, 2015), low adsorption (Panizza, 2010),
corrosion stability even in acidic media and high temperatures or pressures (Macpherson,
2015; Panizza, 2010), and extremely high oxygen evolution overpotential (Panizza,
2010). BDD electrodes underwent anodic polarization for 10 min in 0.1 M H 2SO4 at 50
mA current between each experiment to remove any surface contamination or deposition
(Murugananthan et al., 2007). Following EO, samples were collected, processed, and
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analyzed for estrogenic compounds and organic carbon. As the methanol (organic
alcohol) matrix used to spike estrogens interfered with DOC analysis, organics were
assessed as UV-VIS254. This approach provided quantification of the aromatic fraction,
which is the dominant DOC fraction in humic acid as well as natural organic matter
(NOM) (Bekbolet et al., 2005; Samios, Lekkas, Nikolaou, & Golfinopoulos, 2007).
The test solution was prepared by adding the estrogenic compound and humic
acid sodium salt stock solutions in Milli-Q (Millipore, Burlington, MA; 18.2 MΩ at 22 ±
1°C) with approximately 4.51 mM (1000 µS/cm) Na2SO4 as the electrolyte, 85 mg L-1 as
CaCO3 using sodium bicarbonate for alkalinity, and pH adjustment with sodium
hydroxide or sulfuric acid. The adjusted pH was approximately 6.0 for all tests, with the
exception of EO pH experiments targeting pH 8.0 or 10.0. DOC was added at
approximately 20 mg L-1 C with the exception of experiments investigating the impact of
initial DOC concentration on energy use and estrogenic compound removal, where
concentrations of 0, 7.5, 15, 30 and 60 mg L -1 C of DOC were tested.
All estrogenic compounds (E1, E2, E3, and EE2) were added at a concentration of
200 µg L-1 in a methanol solution. Estrogenic compound concentrations were above
environmental levels, which are in the ng L -1 range, but higher concentrations were used
to assess potential for greater removal rates. Table 2A in Appendix 2A details the
physical and chemical characteristics of the estrogenic compounds. Control experiments
indicated negligible adsorption of the estrogenic compounds to the glassware and
electrodes. The volume of samples removed for estrogenic compound analysis was only 1
mL, which changed the reactor volume by 0.4% and had negligible impact on treatment
conditions.
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5.2.3 Analytical measurements and quality assurance/quality control (QA/QC)
The methods for estrogen analysis, sample preparation, spike and recovery
experiments, standard curve preparation, limit of detection (LOD) and limit of
quantification (LOQ) determination, and QA/QC were previously reported (Maher,
O’Malley, Heffron, Huo, Mayer, et al., 2019; Maher, O’Malley, Heffron, Huo, Wang, et
al., 2019; Mayer et al., 2019). Briefly, E1, E2, E3, and EE2 were analyzed via liquid
chromatography-mass spectrometry (LC-MS) using a Shimadzu LC-MS 2020 (Kyoto,
Japan); additional details are provided in Appendix 3A (Tables 3A.1 and 3A.2) and
Appendix 3B. DOC samples were acidified with 3 N HCl and filtered through a 0.45 µm
25 mm PTFE syringe filters (Agela Technologies, Newark, DE) and then analyzed with a
Total Organic Carbon Analyzer (Shimadzu TOC-VCSN; Kyoto, Japan). UV-VIS254 was
measured with a spectrophotometer (Thermo-Scientific, Genesys 20; Waltham, MA) in
accordance with USEPA Method 415.3. The DOC measurements were used to quantify
total dissolved organic matter in solution whereas UV absorbance at a wavelength of 254
nm (UV-VIS254) was indicative of the organic matter character (i.e. aromaticity) (Mayer
et al., 2019).
The estrogenic compound standards used for generating standard curves on the
LC-MS for each test were prepared in the same manner as the test water used, i.e. with
the same electrolyte (Na2SO4), pH adjustment (H2SO4 or NaOH), and alkalinity
(NaHCO3). Experiments were completed in triplicate, alongside one control reactor
operated under the same conditions but with no power input to quantify estrogenic
compound removal via adsorption to reactor walls or loss during sample collection and
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processing. During each test, a blank water sample (no estrogenic compounds) was
collected prior to the addition of the estrogen stock solution to ensure clean glassware.
Methanol was sampled and analyzed to ensure no contamination. Instrument blanks were
analyzed approximately every six samples during LC-MS runs to ensure no carryover on
the column between samples.
5.2.4 Data analysis
Statistical data analysis was performed with Graphpad Prism 7® (Graphpad
Software, La Jolla, CA). A one-way analysis of variance (ANOVA) was performed for
each compound for each treatment tested. A one-way ANOVA was also performed for
pH tests, DOC concentration tests and DOC EC optimization tests. Post-hoc tests were
evaluated with the Uncorrected Fisher’s least significant difference (LSD) multiple
comparisons test and potential outliers were evaluated using the Grubb’s Test and then
excluded (“GraphPad QuickCalcs: outlier calculator,” 2018). Error bars on figures
represent the standard error of the mean.
Treatment effectiveness was evaluated in terms of energy input (kWh m-3) and
electrical energy per order (EEO; kWh m-3 order-1). EEO is a measure of the amount of
energy required to reduce contaminant concentrations by one order of magnitude in a
volumetric unit (Bolton et al., 2001). The EEO metric was calculated for each estrogenic
compound using eq. 5.1 (Bolton et al., 2001).

EEO =

1000𝑃∗𝑡
𝐶
𝑉∗𝑙𝑜𝑔( 𝑜 )
𝐶𝑓

eq. 5.1
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Where P is rated power (kW), t is time (hour), V is volume (L), C o is influent
estrogen concentration (μg L-1), and Cf is final estrogen concentration (μg L-1).

5.3

Results and Discussion

5.3.1 Electrocoagulation for the removal of organic matter prior to employing EO
for estrogen removal
5.3.1.1 Impact of iron dose (based on electrolysis time)
Initial EC experiments were performed to understand the impact of EC
parameters on removal of organic matter (assessed as DOC and UV-VIS254). The
majority of DOC removal occurred in the first 2 min (Figure 5.1). While there was a
statistical difference in DOC removal between all electrolysis times tested (0, 2, 4, 6, 8,
10 minutes; ANOVA p-value <0.0001), DOC removal remained largely unchanged from
2 to 8 minutes of EC treatment (post-hoc Fisher’s LSD p-values for 2 through 8 minutes
were ≥ 0.0538). Removal at 10 min was slightly worse than at 8 minutes that was likely
an error due to a measurement artifact (Fisher’s LSD p-value of 0.0332). Greater
reduction in UV-VIS254 was achieved with longer electrolysis times (Figure 5.1). There
was a statistical difference between overall UV-VIS254 removal at different times
(ANOVA, p-value <0.0001), but no further removal was observed after 6 minutes (posthoc Fisher’s LSD p-value ≥ 0.4828 for 6, 8, and 10 minutes). The differences in DOC
and UV-VIS254 indicate that the aromatic fraction of organic compounds in solution
(humic acid fraction) quantified by UV-VIS254 was more susceptible to removal via
adsorption and oxidation mechanisms in EC. The time chosen for use in future tests was
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8 minutes of electrolysis (equivalent to a theoretical iron dose of 111 mg L -1 as Fe based
on Faraday’s law using z = 2 (Dubrawski & Mohseni, 2013b)) because floc formation
was more reliable at 8 minutes than at 6 minutes based on visual inspection. Table 5B.1
in Appendix 5B summarizes the iron dose and energy consumption at each time tested.
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Figure 5.1 Removal of organic matter, characterized as DOC and UV-VIS254, during EC
as a function of EC dosing time. Current density was 16.6 mA cm-2 (conductivity 1000
µS cm-1, pH 6.0, ~22°C, and I = 0.3 A). Error bars are shown as ±1 standard error of the
mean of triplicate data. Error bars shorter than the height of the symbol are not visible.
5.3.1.2 Impact of iron dose (based on current density)
Increasing EC current density improved removal of DOC and UV-VIS254 (Figure
5.2). The current density was adjusted for each test by changing the current and
maintaining a constant electrolysis time, submerged surface area, polarity reversal time,
and stir rate. The greatest DOC removal achieved during this testing was accomplished
with a current density of 2.22 mA cm-2 or greater, and there was no statistical difference
using higher current densities (post-hoc Uncorrected Fisher’s LSD p-values for current
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densities between 2.22 and 33.33 mA cm-2 ≥ 0.0825). Current densities also affected UVVIS254 removal (ANOVA p-value < 0.0001), but there was no improvement in UVVIS254 removal for current densities above 4.44 mA cm-2 (post-hoc Uncorrected Fisher’s
LSD p-values ≥ 0.3553). However, low current densities yielded variable and unreliable
floc formation; thus, a current density of 8.88 mA cm-2 was used in subsequent EC-EO
experiments as a conservative value to ensure floc formation. Table 5B.2 in Appendix 5B
summarizes the iron dose and energy consumption at each current density tested.
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Figure 5.2 Removal of organic matter, characterized as DOC and UV-VIS254, during EC
as a function of current density (conductivity 1000 µS cm-1, pH 6.0, ~22°C, EC dosing
time of tEC = 10 min). Error bars are shown as ±1 standard error of the mean of triplicate
data. Error bars shorter than the height of the symbol are not visible.

At a current density of 2.22 mA cm-2 there was an increase in UV-VIS254 C/Co.
The increase in UV-VIS254 absorbance is likely because at very low current densities, floc
formation was low, leaving soluble Fe(III) in solution. During EC, Fe(II) is released
directly off the electrode but is then rapidly oxidized to Fe(III), which has long been

110
recognized to interfere with UV-VIS254 measurements as Fe(III) absorbs light at the 200400 nm wavelength range (Doane & Horwáth, 2010).
5.3.1.3 Impact of stir rate on flocculation
Stir rate has been shown to greatly impact flocculation performance
(Szpyrkowicz, 2005; Yeung, Gibbs, & Pelton, 1997). Here, the impact of flocculation stir
rates of 20, 40, 80, and 120 rpm was examined (G of 8, 23, 64, and 117 sec -1,
respectively). There was an overall statistical difference in DOC removal between stir
rates tested (ANOVA p-value = 0.0005). The most effective stir rates were 40 rpm (23
sec-1) and 80 rpm (64 sec-1), which provided DOC removals of 92±0.6% and 91±2.8%,
respectively (Figure 5.3, no difference between these two stir rates, post-hoc test
Uncorrected Fisher’s LSD p-value = 0.9596). Stir rates of 20 rpm (8 sec -1) and 120 rpm
(117 sec-1) yielded lower DOC removal (14±21% and 59±19%, respectively) and were
significantly different from 40 rpm and 80 rpm (post-hoc test Uncorrected Fisher’s LSD
p-value ≤ 0.0253). As a result, 40 rpm was used during the flocculation period for all
subsequent experiments because there is less mixing energy required.
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Figure 5.3 DOC reduction as a function of flocculation stir rate (velocity gradient, sec-1)
after rapid mix EC using a current density of 16.6 mA cm-2. Electrolyte conductivity =
1000 µS cm-1, pH 6.0, ~22°C, EC dosing time of tEC = 6 min, and I = 0.3 A. Error bars
are shown as ±1 standard error of the mean of triplicate data. Error bars shorter than the
height of the symbol are not visible.

Interestingly, research presented in Chapter 3 determined that increasing stir rates
improved the removal of estrogenic compounds in EC. However, in that system the major
mechanism of estrogenic compound removal was oxidation rather than contaminant
adsorption, which is likely the DOC removal mechanism in these EC tests (Maher,
O’Malley, Heffron, Huo, Mayer, et al., 2019; Mollah et al., 2004). Oxidation was likely
facilitated by longer electrolysis times, higher stir rates, and lower polarity reversal time
(Maher, O’Malley, Heffron, Huo, Wang, et al., 2019). In contrast, the DOC removal
reported here may have improved with slower stir rates that allowed for agglomeration of
DOC-laden flocs prior to sedimentation.
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5.3.2 EC-EO for estrogenic compound removal
EC pretreatment ahead of EO treatment of estrogenic compounds was evaluated
in this study. The parameters investigated included current density, EO pH, and impact of
initial humic acid concentration on the EC-EO system. Energy requirements for this ECEO treatment approach (quantified as EEO) were compared to other advanced treatment
technologies.
5.3.2.1 Impact of current density on estrogenic compound removal in EO
Increased current density improved removal of all estrogenic compounds (Figure
5.4). The highest average removal was achieved at 44 mA cm-2, although there was no
statistical difference between 12, 22, and 44 mA cm-2 for E1 and E2 (ANOVA p-values ≥
0.0142). Current densities less than 12 mA cm-2 provided statistically less removal
efficiency (post-hoc test Uncorrected Fisher’s LSD p-values ≤ 0.0168). For E3, there was
a statistical difference (ANOVA p-value = 0.027) between 3 and 44 mA cm-2 (post-hoc
test Uncorrected Fisher’s LSD p-value = 0.0053) and 6 and 44 mA cm-2 (post-hoc test
Uncorrected Fisher’s LSD p-value = 0.0059). For EE2, there was a statistical difference
between 3 and 12 (ANOVA p-value = 0. 0361), 22, and 44 mA cm-2 (post-hoc test
Uncorrected Fisher’s LSD p-value ≤ 0.0235) and 6 and 44 mA cm-2 (post-hoc test
Uncorrected Fisher’s LSD p-value = 0.0339).
As a result, for all subsequent EC-EO tests, a current density of 22 mA cm-2 was
used as it offered the highest estrogen removal and lowest energy consumption. The
results in Figure 5.4 correspond well to other EO studies on the removal of
micropollutants using BDD electrodes, where increasing current density increased
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estrogenic compound removal (Murugananthan et al., 2007; Yoshihara &
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Murugananthan, 2009).
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Figure 5.4 Increased current density in the EO treatment portion increased removal of
E1, E2, E3, and EE2 through the EC-EO treatment train. EC treatment consisted of
electrolyte conductivity 1000 µS cm-1, pH 6.0, ~22°C, t = 8 min, I = 0.16 A, and initial
estrogen concentrations of approximately 200 µg L -1. EC was followed by settling and
EO treatment with varying EO current densities using a BDD anode. EO treatment
consisted of an electrolyte conductivity 1000 µS cm-1, pH 6.0, ~22°C, and t EO = 40
minutes. Error bars are shown as ±1 standard error of the mean of triplicate data. Error
bars shorter than the height of the symbol are not visible.

Increases in current density facilitate electrolysis at high anodic potential;
generate more ●OH using BDD electrodes; and possibly generate peroxydisulfate,
sulfate, and carbonate radicals (Murugananthan et al., 2007). The oxidants produced are
capable of oxidizing organic compounds. Previous studies using BDD electrodes for the
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removal of E2 have shown that E2 was completely oxidized using a BDD system
(Yoshihara & Murugananthan, 2009).
5.3.2.2 Impact of pH on estrogenic compound removal in EO
The impact of influent pH on the EO system with respect to overall estrogenic
compound removal through EC-EO was investigated at pH 6, 8 and 10 (Figure 5.5).
There was no statistically significant difference in removal of E1, E3, and EE2 at the
different pH values after 40 minutes of EO treatment (ANOVA p-values ≥ 0.1329). A
decrease in estrogenic compound removal with increasing pH agrees with Brocenschi et
al. (2016), who showed a negative impact on E1 degradation with an increase in pH.
However, the results presented by Brocenschi et al. (2016) are contradictory to reports by
Murugananthan et al. (2007), which may be due to the nature (i.e. coating method,
substrate, etc.) of the BDD electrodes or variation in water matrix. For the estrogenic
compounds in this study, the pKa values range from 10.3 to 10.8 (see Appendix 2A,
Table 2A). Accordingly, the estrogenic compounds are primarily in the neutral form at
pH < 10 and will likely not be electrostatically attracted to the positive charge on the
surface of the anode. Additionally, at higher pH values, the production of hydroxyl
radicals competes with hydroxide ion oxidation, leading to lower radical generation and
inhibition of organic compound removal via oxidation (Brocenschi et al., 2016).
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Figure 5.5 Adjustment in pH prior to EO treatment did not impact removal of E1, E2,
E3, and EE2 through the EC-EO treatment train. EC treatment consisted of electrolyte
conductivity 1000 µS cm-1, pH 6.0, ~22°C, t = 8 min, I = 0.16 A, and initial estrogen
concentrations of approximately 200 µg L -1. EC was followed by settling and EO
treatment with an EO current of I = 0.3 A using a BDD anode. Estrogen concentrations
were approximately 200 µg L-1, electrolyte conductivity 1000 µS cm-1, ~22°C, tEC = 8
minutes, and tEO = 40 minutes. Error bars are shown as ±1 standard error of the mean of
triplicate data. Error bars shorter than the height of the symbol are not visible.
5.3.2.3 Impact of initial humic acid concentration on EC performance and estrogen
removal in EC-EO
Estrogenic compound removal during EC-EO increased with an increase in initial
humic acid concentration (Figure 5.6). Based on visual observation, increasing humic
acid during these tests interfered with floc formation in the EC reactor, therefore
requiring a greater iron dose to achieve adequate UV-VIS254 removal. The EC dose for all
humic acid concentrations tested in these experiments achieved consistent removal of
UV-VIS254 of approximately 88% (88.1±3.5% average of UV-VIS254 among all
treatments in triplicate, n = 12). The relationship between initial humic acid concentration
and iron dose used to achieve consistent UV-VIS254 removal is shown in Figure 5C
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(Appendix 5C).
Removal of UV-VIS254 in EC-EO treatment was not statistically different as a
function of initial humic acid concentrations (ANOVA p-value = 0.5997). The UVVIS254 was removed primarily during EC while the estrogenic compounds were removed
during EO. The increase in electrolysis dose (based on increased initial organic dose)
corresponds to an increase in estrogen removal in EC, but not an increase in removal of
estrogens in EO. The increase in estrogenic compound removal is likely due to an
increase in redox reactions occurring in the reactor at the surface of the electrodes
together with some adsorption (Maher, O’Malley, Heffron, Huo, Wang, et al., 2019;
Mollah et al., 2004).
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Figure 5.6 Percent removal of E1, E2, E3, EE2, and UV-VIS254 during EC (including
flocculation and settling) and EO treatment with varying initial humic acid
concentrations. Iron-EC treatment used initial estrogen concentrations of approximately
200 µg L-1, electrolyte conductivity 1000 µS cm-1, pH 6.0, ~22°C, t EC = 8 min (for 0, 7.5
and 15 mg L-1 C), tEC = 11 min (30 mg L-1 C), tEC = 18 min (60 mg L-1 C) , and I = 0.16 A.
A BDD anode was used for EO with electrolyte conductivity 1000 µS cm-1, pH 6.0,
~22°C, tEO = 40 min, and I = 0.3 A. Error bars are shown as ±1 standard error of the mean
of triplicate data. Error bars shorter than the height of the symbol are not visible.
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5.3.3 Electrical energy per order
The EEO (eq. 5.1) was calculated to facilitate a normalized comparison of the
energy required to achieve estrogenic compound removal using the EC-EO system tested
in this study compared to other advanced treatment technologies. EEO Values were
calculated for the parameters tested in this study that achieved the greatest removals. The
power (P) was calculated from the current (EC used 0.16 A and EO used 0.3 A) and
applied voltage (varied by test), time (t) was 8 min for EC and 40 min for EO, volume
(V) was 250 mL for EC and 200 mL for EO, and Co/Cf was calculated based on
estrogenic compound concentrations at the beginning and end of each test. The removals
of estrogenic compounds and the EEOs over treatment time are detailed in Figure 5.7 for
EC (treatment up to the dotted line and gray shading), followed by flocculation and
settling (not graphed because no electrochemical energy input), and with EO treatment
until 120 minutes (white background). The EEO values were higher during EC and then
decreased during EO. For each compound, the EEO value remained constant after
approximately 20 minutes, indicating that system efficiency does not decrease when
removing lower concentrations of estrogenic compounds.
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Figure 5.7 Concentrations of E1, E2, E3, and EE2 after EC (treatment up to the dotted
line and dark gray shading), flocculation and settling (no electrochemical energy
consumption or estrogen removal; not graphed), and finished with EO treatment until 120
minutes (white background). The secondary y-axis shows the overall energy consumption
per unit volume as a function of energy input (derived from treatment time). Initial
estrogen concentration = ~200 µg L-1, electrolyte conductivity = ~1000 µS cm-1, pH 6.0,
~22°C, tEC = 8 min, IEC = 0.16 A, tEO = 120 min (samples were collected throughout
treatment), and IEO = 0.3 A. Error bars are shown as ±1 standard error of the mean for the
triplicate data. Error bars shorter than the height of the symbol are not visible.

Note that the concentrations of E2, E3 and EE2 in Figure 8 increased after EC
treatment commenced. This increase in estrogenic compound concentration may be a
response to the electron flow (induced electric field) produced by EC, which encourages
an ion-induced dipole interaction for the compounds, making them more polar and
increasing their solubility in water (a polar liquid) (Schwarzenbach, Gschwend, &
Imboden, 2003b). The dipole moment and solubility in water is also influenced by the
polarizability of the compounds (Schwarzenbach, Gschwend, & Imboden, 2003a).
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Because some of these estrogenic compounds have homologs and all have complex
conjugated electron systems, they have higher polarizability (Schwarzenbach et al.,
2003b). The increased temperature and pH may also have an impact on the overall
solubility. As a result, the estrogenic compound concentration increase is due to an
increase in solubility from the polarization from the applied electrical field.
EEO was also calculated for EO alone to compare against the EC-EO system
Figure 5.8). The energy consumption will vary due to a change in applied voltage. The
EO and EC-EO tests were both dosed with approximately 30 mg L-1 C humic acid and
the EEO comparison was performed with data from 40 minutes of EO treatment without
any EC pre-treatment. The ratios of EEO(ECEO):EEO(EO) were 0.42 for E1, 0.3 for E2,
0.33 for E3, and 0.38 for EE2. Values less than one indicate that pretreatment with EC
reduced overall energy consumption for estrogenic compound treatment while achieving
a similar estrogenic compound removal. Accordingly, while estrogenic compound
removal percentages were not substantially different between the EC-EO system and the
EO alone system, the EEO values were lower in the EC-EO system than in the EO alone
system (Figure 5.8).
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Figure 5.8 Comparison of (A) percent removal and (B) EEO for E1, E2, E3, and EE2 at
40 minutes of EO treatment with approximately 30 mg L -1 C humic acid. Initial estrogen
concentration = ~200 µg L-1, electrolyte conductivity = ~1000 µS cm-1, pH 6.0, ~22°C,
tEC = 8 min, IEC = 0.16 A, tEO = 40 min, and IEO = 0.3 A. Error bars are shown as ±1
standard error of the mean for the triplicate data. Error bars shorter than the height of the
symbol are not visible.

Table 5.1 compares results from this study to a number of other advanced
oxidation processes previously reported for removal of estrogenic compounds. For the
EC-EO system, the EEO values ranged from 12.5 to 25 depending on the concentration of
humic acid added (mg L-1 C). This was an improvement over both EO alone and EC
alone (Chapter 4, Maher et al., 2019b). EEO can vary widely across treatment systems.
For example, values by Mayer et al. (2019) were 41 to 60 for UV photolysis and 38 to 54
for TiO2 photocatalysis, while in this study EEO ranged from 12.5 to 21.7 for EC-EO (20
mg L-1). Nevertheless, this range of EEO values are an order of magnitude lower than
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treatment with ozone (Sarkar et al., 2014). It should be noted that EEO values for a given
treatment process can change as treatment process setup and operational conditions
change. EEO values for electrochemical systems could decrease as research is conducted
to further develop these systems and improve their efficiency.

Table 5.1 Selected electric energy per order (E EO) from studies using advanced oxidation
processes (AOPs) for the removal of estrogenic compounds
Study

Maher (this study,
20 mg L-1 C)*
Maher (this study,
30 mg L-1 C)*
Maher (this study,
30 mg L-1 C)*
Maher et al. 2019
Benotti et al.,
2009
Hansen &
Andersen, 2012
Hansen &
Andersen, 2012
Mayer et al., 2019
Mayer et al., 2019
Sarkar et al., 2014
Sarkar et al., 2014

Treatment

EEO (kWh m-1 order-1)
E1

E2

E3

EE2

EC-EO

12.5±9

15.8±9

21.7±14

14.7±9

EC-EO

19.8±1

23.8±1

25.6±3

24.5±1

EO alone

29.7±2

53±13

49±5

40.2±6

EC
Photocatalytic reactor
membrane

82±11

67±8

70±6

37±3

0.18

0.19

N.D.

0.23

UV Photolysis

1.2

4.9±1

N.D.

6.1±1

UV/H2O2 (60 mg L-1)

N.D

2.2

N.D.

1.8

UV Photolysis
TiO2 Photocatalysis
UV (254 nm)
UV/H2O2 (60 mg L-1)

42.9
38.8
14.2
8.53

50.7
41.3
N.D.
N.D.

41.4
54.4
N.D.
N.D.

60.7
45.7
N.D.
N.D.

Sarkar et al., 2014

Ozone (0.3 mg L-1)

268.32

N.D.

N.D.

N.D.

Sarkar et al., 2014

Ozone (0.65 mg L-1)

246.72

N.D.

N.D.

N.D.

± Indicates plus or minus 1 standard deviation.
* Data reported from 40 minutes of treatment
N.D. = No data
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5.3.4 Limitations to this study
This research demonstrated removal of parent compounds through the EC-EO
system. While Yoshihara and Murugananthan (2009) showed complete mineralization of
E2 in an EO BDD system, future work on EC-EO system development for estrogenic
compound removal should take into account transformation products. The research
presented here did not quantify total estrogenicity to ensure residual transformation
products did not carry estrogenic activity. While the goal of this research was to
determine if EC could be paired with EO to reduce energy for parent compound removal,
future research should analyze transformation products coupled with a yeast estrogen
screen (YES) assay or other estrogenicity assay to assess removal of total estrogenicity.
Another limitation to this research was that a two-electrode system was used.
While this system allows for preliminary data on efficacy, no information was provided
on the possible potential of a three-electrode system. A reference electrode can be used to
measure potentials achieved in solution during EO to compare to literature values from
previously conducted cyclic voltammetry experiments (Murugananthan et al., 2007;
Yoshihara & Murugananthan, 2009). In addition to the use of a reference electrode, it
would be beneficial to assess a real water matrix collected from a source water that
includes a more complex mixture of constituents to evaluate potential additional oxidants
produced (i.e. Cl-), possible disinfection byproducts formed, and impact on organic
matter and estrogenic compound removal.
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5.4

Conclusions
The EC-EO treatment process demonstrated it is greater than two-foldmore

energy efficient than EO alone while achieving greater than 60% removal of estrogenic
compounds and greater than 90% removal of DOC and UV-VIS254. In this study, EC was
initially implemented for the removal of organic matter, which would likely scavenge
oxidants more suitable for removing estrogenic compounds in EO. EC operational
parameters to achieve approximately 90% DOC and UV-VIS254 removal were a current
density of 8.88 mA cm-2, electrolysis time of 8 minutes, and a flocculation stir rate of 40
rpm. The EO system current density that achieved the best estrogenic compound removal
was 22.2 mA cm-2 and initial pH of water fed to the EO system did not substantially
impact removal. The initial organic matter concentration had a significant impact on EC
floc formation and overall removal of estrogenic compounds in both EC and EO.
Increases in humic acid required increased iron coagulant dose, which simultaneously
increased estrogenic compound removal in EC. EEO values for the EC-EO system
suggested that this process may be more efficient than some other AOPs including EC
alone, EO alone, ozone, TiO2 photocatalysis, and UV photolysis. In short, the use of EC
as a pretreatment process reduced system energy requirements.
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6

CONCLUSIONS

The possible risks to humans and animals due to the exposure of estrogenic
compounds as a result of their passage through conventional drinking water has driven
the effort to develop efficient, compact, effective, and environmentally responsible
technologies. Estrogenic compounds are capable of not only endangering wildlife
populations but also causing abnormalities in human growth, reproduction, infant
development, and the development of hormonally related cancers (Kidd et al., 2007;
Yoshihara & Murugananthan, 2009). Drinking water treatment plants play a crucial part
in mitigating these endocrine disrupting compounds as environmental pollutants and as a
public health risk, although they were not designed or developed for the removal of
organic micropollutants.
The overall objective of this dissertation was to determine the impact of using EC
and EO treatment technologies for the removal of estrogenic compounds. The evaluation
was completed in terms of the impact of system operational parameters, water quality,
and system pairing on the effectiveness and efficiency of estrogenic compound removal,
while taking into account energy consumption.

6.1

Key findings
The first objective was to assess how reactor operation parameters impacted

estrogenic compound removal using EC with iron electrodes. The operational parameters
investigated included current density, conductivity, stir rate, and polarity reversal time. In
addition, removal kinetics were analyzed, and the iron oxide floc was characterized.
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The results demonstrated that the removal of uncharged organic micropollutants is
feasible with iron EC. An increase in current density correlated well with an increase in
estrogenic compound removal. Of the current densities tested, 16.7 mA cm-2 achieved the
greatest estrogenic compound removal. Polarity reversal had a significant impact on the
removal of the estrogenic compounds during iron EC. With a change in polarity, the
electron flow reverses and eliminates the passivation layer. The results of this study
indicated a shorter polarity reversal time of 30 seconds improved estrogenic compound
removal efficiency during iron EC. An increase in stir rate increased estrogenic
compound removal, with the greatest removal achieved at a stir rate of 500 rpm. The
increased stir rate increased turbulence in the reactor and ostensibly improved mass
transfer off the electrode, consequently increasing anodic oxidation and oxidation
reactions. The removals of all estrogens were greater than 80%.
The degradation of E1, E2, E3, and EE2 was applied to multiple kinetic models
and all compound removals best fit a pseudo-first order kinetic model. The floc was
characterized to evaluate the behavior and structure of the iron oxide formed during EC.
The floc was found to be negatively charged at neutral pH and the dominant iron species
was lepidocrocite. These findings confirm that the use of iron EC for the treatment of
estrogenic compounds has great potential for water treatment applications.
The second objective was to evaluate the impact of water quality and determine
the contributions of each potential removal mechanism for estrogenic compound
removal. The impact of pH on estrogenic compound removal was tested; in general
higher pH conditions were favorable. Turbidity and DOC had minimal impact on
estrogenic compound removal. Removal mechanisms were elucidated via a series of
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experiments to identify the role of adsorption and oxidation; direct anodic oxidation at
the anode surface was likely the primary removal mechanism. Oxidation, including at the
anode surface and from reactive oxygen species was responsible for approximately 55%
to 68% of removal. The use of oxidant scavenger’s (tert-butyl alcohol and methanol)
assisted in determining the presence of reactive oxygen species and ferryl iron. These
generated oxidants possibly contributed to ≤22% estrogenic compound removal.
Estrogenic transformation products were examined and E1 was a confirmed
transformation product of EE2, and E3 was a transformation product of E2. Adsorption
accounted for ≤5% for E1, E2, and E3, and 22% removal for EE2. From the conventional
coagulation jar tests, removal due to enmeshment in flocs accounted for ≤9% removal of
E1, E2, E3 and approximately 30% for EE2 using ferric sulfate and <24% for E1, E2, and
E3 and approximately 42% for EE2 with ferrous sulfate.
Although EC was capable of removing estrogenic compounds, an evaluation of
the electrical energy per order (kWh m-3 order-1) determined the use of EC was less
efficient than a number of other advanced oxygen technologies. The results of this study
can be used to inform design of a more efficient EC system, potentially pairing EC with
other treatment methods such as EO. EC might be a better fit to remove bulk organic
compounds via adsorption, now knowing that oxidation for the removal of estrogenic
compound requires a long retention time and is not an efficient stand-alone treatment
process. In addition, this research provides a basis for the formation of hydroxyl radicals
and ferryl iron within EC, at neutral pH.
The goal of the third objective was to assess the removal of DOC and estrogenic
compounds in a sequential EC-EO batch system. The use of EC-EO was intended to
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decrease the overall energy consumption for removing DOC in EC and estrogenic
compounds in EO. First, an evaluation of EC was completed to enhance the removal of
DOC by determining the impact of the EC iron dose (based on time and current density)
and the flocculation stir rate. Iron electrodes were employed to remove humic acid and
thus improve downstream removal of estrogenic compounds while reducing energy
consumption in EO using BDD electrodes. For EC treatment, the impacts of operating
parameters including current density, electrolysis time, and flocculation stir rate were
systematically evaluated for the removal of humic acid. An EC current density of 8.88
mA cm-2 achieved 90% DOC and UV-VIS254 removal with an electrolysis time of eight
minutes and a flocculation stir rate of 40 rpm (23 sec-1).
The impact of current density and pH was assessed in EO after EC for the
removal of estrogenic compounds. For EO, the impact of current density and initial pH
(6-10) on the removal of estrogenic compounds and UV-VIS254 were examined. As
expected, a higher current density resulted in greater estrogenic compound removal. EO
treatment achieved the highest estrogenic compound removal at a current density of 22.2
mA cm-2. Initial pH did not impact estrogenic compound removal. Data from literature on
the impact of pH in EO has been inconsistent. Next, the impact of initial humic acid
concentration in the sequential EC-EO process on estrogenic compound removal was
examined and found to impact required iron dose in EC and increase overall estrogenic
compound removal as a result.
Finally, the energy efficiency for the EC-EO system was compared to other
advanced treatment systems by analyzing EEO values. Overall, the EEO for EC-EO
treatment was lower than EC alone, EO alone, UV photolysis, UV photocatalysis, and
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ozone, but was higher than a photocatalytic reactor membrane and UV/H2O2. The
research demonstrated the use of a sequential EC-EO system effectively and efficiently
removed humic acid as well as estrogenic compounds.
This was the first research conducted on the removal of estrogenic compounds in
EC or in an EC-EO reactor system. The results of this work are valuable in that these data
and methods can be used as a stepping-stone to be applied to the development of an
efficient, effective, and compact advanced oxidation treatment method. Although further
research is required, this is a great start to the development of truly significant and clean
technology that can better the lives of many through the availability of potable drinking
water.

6.2

Future work recommendations
This researched demonstrated that the use of EC and EC-EO was capable of

removing hydrophobic, uncharged, organic micropollutants under specific conditions.
However, further research is required to develop the use of this technology for real-world
applications. Advances are required to make the systems robust such that it requires little
maintenance, is able to treat a wide array of complex waters, and is more energy efficient.
Future work on EC should consider examining particle size of the floc from the
impact of stir rate to evaluate the impact of stir rate on mass transfer. An increase in mass
transfer will likely increase redox reactions and mass of precipitate generated. In
addition, the change in floc size and character may impact adsorption of other pollutants.
While increased stir rates can enhance mass transfer off the electrode, investigating this
further could assist in identifying the best mixing rate for the specific water matrix. In
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Chapter 4, indirect methods (scavenger experiments) were used to identify the removal
mechanisms of EC for estrogenic compounds. It is recommended to conduct some direct
experiments including cyclic voltammetry, using a reference electrode, to determine the
oxidation overpotential reached during EC, and to determine the best current density to
facilitate adsorption and simultaneous anodic oxidation.
Additional research into formation of the passivation layer is required, including a
more in-depth study of polarity reversal, the structure and species of floc generated based
on polarity reversal time, and the impact of dissolved oxygen present in the system and
generated iron floc species. The passivation layer on iron electrodes inhibits the current
efficiency in an EC reactor. The research provided here distinguished the shorter polarity
reversal time and improved overall removal by eliminating the passivation layer with
every polarity switch. Another important factor that should be investigated is the impact
of variations in electrode preparation and cleaning methods. This includes the impact on
estrogenic compound removal, the speciation of iron floc formed, and redox reactions
that occur. This research would provide insight into the preparation and maintenance of
the electrodes for consistent, efficient, and reliable operation.
An interesting concept that should be investigated is the difference in current
efficiency between the current density based on a change in current versus current density
from the adjustment in submerged electrode depth. An investigation of this nature would
include a materials analysis and comparison of the floc generated, a mixing analysis due
to the variation in the ratio of electrode surface area-to-reactor volume, a comparison of
charge loading rate, and a comparison of metals loading rate. This information would be
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crucial for the development and optimization of EC operation and ultimate functional
design.
Finally, an estrogenic compound mineralization study should be conducted for
EC. A study of this nature would support the proposed concept that oxidation is a major
removal mechanism. A mineralization study would also assist in understanding whether
or not the estrogenic compounds are generating more toxic transformation products or
being completely combusted. The mineralization study could include a TOC analysis,
possible analysis of estrogenic transformation products through non-targeted analysis on
a liquid chromatograph with tandem mass-spectrometry (LC-MS/MS), and finally
examination of the estrogenicity with a YES assay.
The data provided from Chapter 5 for an EC-EO system for the removal of
estrogenic compounds is very promising as the E EO for this system is much lower than a
number of other treatment solutions. Therefore, future development is highly
recommended. Developments in the EC-EO could include an investigation of the BDD
coating to ensure the system parameters are enhanced to eliminate delamination of the
BDD film from the substrate surface, as there is an optimal thermal expansion coefficient
that should be used with a niobium substrate. In addition, the BDD surface functional
groups (surface termination) will impact electron transfer, the wetting properties of the
electrode, and the polarity of the surface (Macpherson, 2015). The use of the electrode
can change the surface termination groups that can be managed through polarization of
either the anode or cathode in an acidic solution (varies in literature). Further method
development should be conducted to investigate the impact polarization has on the
oxidation of organic micropollutants and life of the electrode.
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Following a BDD materials analysis, the development of a flow-through EC-EO
system would begin the expansion of the technology into a usable prototype. Ideally,
system development would include an electrode surface area-to-volume ratio evaluation
in conjunction with reactor retention time, the impact of a multiple plate electrode
system, and the impact of various electrode types (e.g. granular, coated granular, mesh,
mixed media), and finally examination of the addition of a filter after EO.

133
7

REFERENCES

Ahmadian, M., Yousefi, N., Van Ginkel, S. W., Zare, M. R., Rahimi, S., & Fatehizadeh,
A. (2012). Kinetic study of slaughterhouse wastewater treatment by
electrocoagulation using Fe electrodes. Water Science and Technology, 66(4), 754–
760. https://doi.org/10.2166/wst.2012.232
Al-Shannag, M., Al-Qodah, Z., Bani-Melhem, K., Qtaishat, M. R., & Alkasrawi, M.
(2015). Heavy metal ions removal from metal plating wastewater using
electrocoagulation: Kinetic study and process performance. Chemical Engineering
Journal, 260, 749–756. https://doi.org/10.1016/J.CEJ.2014.09.035
Albero, B., Sánchez-Brunete, C., García-Valcárcel, A. I., Pérez, R. A., & Tadeo, J. L.
(2015, September 1). Ultrasound-assisted extraction of emerging contaminants from
environmental samples. TrAC - Trends in Analytical Chemistry, Vol. 71, pp. 110–
118. https://doi.org/10.1016/j.trac.2015.03.015
Andaluri, G., Pal, R., & Suri, S. (2017). Oxidative Sonication of Estrogen Hormones in
Water and Municipal Wastewater. Research Journal of Environmental Sciences,
11(2), 71–81. https://doi.org/10.3923/rjes.2017.71.81
Andaluri, G., Rokhina, E. V., & Suri, R. P. S. (2012). Evaluation of relative importance
of ultrasound reactor parameters for the removal of estrogen hormones in water.
Ultrasonics Sonochemistry, 19(4), 953–958.
https://doi.org/10.1016/J.ULTSONCH.2011.12.005
Anglada, Á., Urtiaga, A. M., & Ortiz, I. (2010). Laboratory and pilot plant scale study on
the electrochemical oxidation of landfill leachate. Journal of Hazardous Materials,
181(1–3), 729–735. https://doi.org/10.1016/j.jhazmat.2010.05.073
Aris, A. Z., Shamsuddin, A. S., & Praveena, S. M. (2014). Occurrence of 17αethynylestradiol (EE2) in the environment and effect on exposed biota: A review.
Environment International, Vol. 69, pp. 104–119.
https://doi.org/10.1016/j.envint.2014.04.011
Bagotsky, V. S. (2005). Fundamentals of Electrochemistry. John Wiley & Sons.
Barazesh, J. M., Prasse, C., & Sedlak, D. L. (2016). Electrochemical Transformation of
Trace Organic Contaminants in the Presence of Halide and Carbonate Ions.
Environmental Science and Technology, 50(18), 10143–10152.
https://doi.org/10.1021/acs.est.6b02232
Barrios, J. A., Becerril, E., De León, C., Barrera-Díaz, C., & Jiménez, B. (2015).
Electrooxidation treatment for removal of emerging pollutants in wastewater sludge.

134
Fuel, 149, 26–33. https://doi.org/10.1016/j.fuel.2014.10.055
Bekbolet, M., Uyguner, C. S., Selcuk, H., Rizzo, L., Nikolaou, A. D., Meriç, S., &
Belgiorno, V. (2005). Application of oxidative removal of NOM to drinking water
and formation of disinfection by-products. Desalination, 176(1-3 SPEC. ISS.), 155–
166. https://doi.org/10.1016/j.desal.2004.11.011
Benotti, M. J., Stanford, B. D., Wert, E. C., & Snyder, S. A. (2009). Evaluation of a
photocatalytic reactor membrane pilot system for the removal of pharmaceuticals
and endocrine disrupting compounds from water. Water Research, 43, 1513–1522.
https://doi.org/10.1016/j.watres.2008.12.049
Benotti, M. J., Trenholm, R. a, Vanderford, B. J., Holady, J. C., Stanford, B. D., &
Snyder, S. a. (2009). Pharmaceuticals and endocrine disrupting compounds in U.S.
drinking water. Environmental Science & Technology, 43(3), 597–603. Retrieved
from http://www.ncbi.nlm.nih.gov/pubmed/19244989
Bolton, J. R., Bircher, K. G., Tumas, W., & Tolman, C. A. (2001). Figures-of-merit for
the technical development and application of advanced oxidation technologies for
both electric- and solar-driven systems (IUPAC Technical Report). Pure and
Applied Chemistry, 73(4), 1998–1999. https://doi.org/10.1351/pac200173040627
Boudreau, J., Bejan, D., & Bunce, N. J. (2010). Competition between electrochemical
advanced oxidation and electrochemical hypochlorination of acetaminophen at
boron-doped diamond and ruthenium dioxide based anodes. Canadian Journal of
Chemistry, 88(5), 418–425. https://doi.org/10.1139/V10-017
Bouvier, S., Voskuhl, R. R., Sicotte, N. L., Odesa, S., Pfeiffer, P., Wu, T. C. J., …
Klutch, R. (2002). Treatment of multiple sclerosis with the pregnancy hormone
estriol. Annals of Neurology, 52(4), 421–428. https://doi.org/10.1002/ana.10301
Brillas, E., Sirés, I., Arias, C., Cabot, P. L., Centellas, F., Rodríguez, R. M., & Garrido, J.
A. (2005). Mineralization of paracetamol in aqueous medium by anodic oxidation
with a boron-doped diamond electrode. Chemosphere, 58(4), 399–406.
https://doi.org/10.1016/J.CHEMOSPHERE.2004.09.028
Brocenschi, R. F., Rocha-Filho, R. C., Bocchi, N., & Biaggio, S. R. (2016).
Electrochemical degradation of estrone using a boron-doped diamond anode in a
filter-press reactor. Electrochimica Acta, 197, 186–193.
https://doi.org/10.1016/J.ELECTACTA.2015.09.170
Butler, E., Hung, Y.-T., Yeh, R. Y.-L., & Suleiman Al Ahmad, M. (2011).
Electrocoagulation in Wastewater Treatment. Water, 3(4), 495–525.
https://doi.org/10.3390/w3020495
Buxton, G. V, Greenstock, C. L., Helman, W. P., & Ross, A. B. (1988). Critical Review

135
of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals in Aqueous Solution. Journal of Physical and Chemical Reference Data,
17(2), 513–886. https://doi.org/10.1063/1.555805
Caldwell, D. J., Mastrocco, F., Nowak, E., Johnston, J., Yekel, H., Pfeiffer, D., …
Anderson, P. D. (2010). An assessment of potential exposure and risk from
estrogens in drinking water. Environmental Health Perspectives, 118(3), 338–344.
https://doi.org/10.1289/ehp.0900654
Cañizares, P., Carmona, M., Lobato, J., Martínez, F., & Rodrigo, M. A. (2005).
Electrodissolution of aluminum electrodes in electrocoagulation processes.
Industrial and Engineering Chemistry Research, 44(12), 4178–4185.
https://doi.org/10.1021/ie048858a
Cañizares, Pablo, García-Gómez, J., Lobato, J., & Rodrigo, M. A. (2004a). Modeling of
Wastewater Electro-oxidation Processes Part I. General Description and Application
to Inactive Electrodes. Industrial & Engineering Chemistry Research, 43(9), 1915–
1922. https://doi.org/10.1021/ie0341294
Cañizares, Pablo, García-Gómez, J., Lobato, J., & Rodrigo, M. A. (2004b). Modeling of
Wastewater Electro-oxidation Processes Part II. Application to Active Electrodes.
Industrial & Engineering Chemistry Research, 43(9), 1923–1931.
https://doi.org/10.1021/ie0341303
Casey, F. X. M., Larsen, G. L., Hakk, H., & Šimůnek, J. (2003). Fate and transport of
17β-estradiol in soil-water systems. Environmental Science and Technology, 37(11),
2400–2409. https://doi.org/10.1021/es026153z
Chaplin, B. P. (2014, May 28). Critical review of electrochemical advanced oxidation
processes for water treatment applications. Environmental Sciences: Processes and
Impacts, Vol. 16, pp. 1182–1203. https://doi.org/10.1039/c3em00679d
ChemSpider | Search and share chemistry. (n.d.). Retrieved December 13, 2018, from
http://www.chemspider.com/
Chen, C. Y., Wen, T. Y., Wang, G. S., Cheng, H. W., Lin, Y. H., & Lien, G. W. (2007).
Determining estrogenic steroids in Taipei waters and removal in drinking water
treatment using high-flow solid-phase extraction and liquid chromatography/tandem
mass spectrometry. Science of the Total Environment, 378(3), 352–365.
https://doi.org/10.1016/j.scitotenv.2007.02.038
Chen, G. (2004). Electrochemical technologies in wastewater treatment. Separation and
Purification Technology, 38(1), 11–41.
https://doi.org/10.1016/J.SEPPUR.2003.10.006
Chen, L., Ma, J., Li, X., Zhang, J., Fang, J., Guan, Y., & Xie, P. (2011). Strong

136
Enhancement on Fenton Oxidation by Addition of Hydroxylamine to Accelerate the
Ferric and Ferrous Iron Cycles. Environ. Sci. Technol, 45, 3925–3930.
https://doi.org/10.1021/es2002748
Chen, T. S., & Huang, K. L. (2013). Effect of operating parameters on electrochemical
degradation of estriol (E3). International Journal of Electrochemical Science, 8(5),
6343–6353. Retrieved from www.electrochemsci.org
Chen, X., Chen, G., & Yue, P. L. (2000). Separation of pollutants from restaurant
wastewater by electrocoagulation. Separation and Purification Technology, 19(1–2),
65–76. https://doi.org/10.1016/S1383-5866(99)00072-6
Chiang, L. C., Chang, J. E., & Wen, T. C. N. (2000). Destruction of refractory humic acid
by electromechanical oxidation process. Water Science and Technology, 42(3–4),
225–232. https://doi.org/10.2166/wst.2000.0384
Chithra, K., & Balasubramanian, N. (2010). Modeling Electrocoagulation Through
Adsorption Kinetics. Journal of Modelling and Simulation of Systems, 1(2), 124–
130. Retrieved from www.hypersciences.org
Cong, V. H., Iwaya, S., & Sakakibara, Y. (2014). Removal of estrogens by
electrochemical oxidation process. Journal of Environmental Sciences, 26(6), 1355–
1360. https://doi.org/10.1016/S1001-0742(13)60611-7
Conley, J. M., Evans, N., Mash, H., Rosenblum, L., Schenck, K., Glassmeyer, S., …
Wilson, V. S. (2017). Comparison of in vitro estrogenic activity and estrogen
concentrations in source and treated waters from 25 U.S. drinking water treatment
plants. Science of The Total Environment, 579, 1610–1617.
https://doi.org/10.1016/j.scitotenv.2016.02.093
Cornell, R. M., Schwertmann, U., & John Wiley & Sons. (2003). The iron oxides :
structure, properties, reactions, occurrences, and uses. Retrieved from
https://books.google.com/books?hl=en&lr=&id=dlMuE3_klW4C&oi=fnd&pg=PA1
&dq=the+iron+oxides&ots=l0gLWiZ_cH&sig=Hk26uAQDcsHKra7amJDFWl0XOs#v=onepage&q&f=false
Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J., & Tchobanoglous, G.
(2012a). MWH’s water treatment : principles and design. Retrieved from
https://books.google.com/books?hl=en&lr=&id=lSlHAAAAQBAJ&oi=fnd&pg=PR
9&ots=p_iCPBy1nr&sig=iBreUOxuNs4EJh6UtD18291JxZ4#v=onepage&q&f=fals
e
Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J., & Tchobanoglous, G.
(2012b). MWH’s Water Treatment: Principles and Design: Third Edition (Third).
https://doi.org/10.1002/9781118131473

137
Daughton, C. G., & Ternes, T. A. (1999). Pharmaceuticals and personal care products in
the environment: agents of subtle change? Environmental Health Perspectives, 107
Suppl(Suppl 6), 907–938. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/10592150
Doane, T. A., & Horwáth, W. R. (2010). Eliminating interference from iron(III) for
ultraviolet absorbance measurements of dissolved organic matter. Chemosphere,
78(11), 1409–1415. https://doi.org/10.1016/j.chemosphere.2009.12.062
Du, X., Zhang, Y., Hussain, I., Huang, S., & Huang, W. (2017). Insight into reactive
oxygen species in persulfate activation with copper oxide: Activated persulfate and
trace radicals. Chemical Engineering Journal, 313, 1023–1032.
https://doi.org/10.1016/j.cej.2016.10.138
Dubrawski, K. L., & Mohseni, M. (2013a). In-situ identification of iron
electrocoagulation speciation and application for natural organic matter (NOM)
removal. Water Research, 47(14), 5371–5380.
https://doi.org/10.1016/j.watres.2013.06.021
Dubrawski, K. L., & Mohseni, M. (2013b). Standardizing electrocoagulation reactor
design: iron electrodes for NOM removal. Chemosphere, 91(1), 55–60.
https://doi.org/10.1016/j.chemosphere.2012.11.075
Dutrizac, J. E. (1999). The effectiveness of jarosite species for precipitating sodium
jarosite. JOM, 51(12), 30–32. https://doi.org/10.1007/s11837-999-0168-6
Feng, Y., Wang, C., Liu, J. and Zhang, Z. (2010). Electrochemical degradation of 17alpha-ethinylestradiol (EE2) and estrogenic activity changes. Journal of
Environmental Monitoring, 12, 404–408.
Feng, Y., Wang, C., Liu, J. and Zhang, Z., Feng, Y., Wang, C., Liu, J., Zhang, Z., Yu,
G., … Tyler., C. R. (2010). Electrochemical degradation of 17-alpha-ethinylestradiol
(EE2) and estrogenic activity changes. Journal of Environmental Monitoring, 12(2),
404–408. https://doi.org/10.1039/b923495k
Frontistis, Z., Brebou, C., Venieri, D., Mantzavinos, D., & Katsaounis, A. (2011, October
1). BDD anodic oxidation as tertiary wastewater treatment for the removal of
emerging micro-pollutants, pathogens and organic matter. Journal of Chemical
Technology and Biotechnology, Vol. 86, pp. 1233–1236.
https://doi.org/10.1002/jctb.2669
Frontistis, Z., Kouramanos, M., Moraitis, S., Chatzisymeon, E., Hapeshi, E., FattaKassinos, D., & Xekoukoulotakis, N. P. (2015). UV and simulated solar
photodegradation of 17α-ethynylestradiol in secondary-treated wastewater by
hydrogen peroxide or iron addition. Catalysis Today, 252, 84–92.
https://doi.org/10.1016/J.CATTOD.2014.10.012

138
Ghatak, H. R. (2014). Comparative removal of commercial diclofenac sodium by electrooxidation on platinum anode and combined electro-oxidation and electrocoagulation
on stainless steel anode. Environmental Technology, 35(19), 2483–2492.
https://doi.org/10.1080/09593330.2014.911357
Govindan, K., Raja, M., Noel, M., & James, E. J. (2014). Degradation of
pentachlorophenol by hydroxyl radicals and sulfate radicals using electrochemical
activation of peroxomonosulfate, peroxodisulfate and hydrogen peroxide. Journal of
Hazardous Materials, 272, 42–51. https://doi.org/10.1016/j.jhazmat.2014.02.036
GraphPad QuickCalcs: outlier calculator. (2018). Retrieved July 26, 2018, from
GraphPad Software website: https://www.graphpad.com/quickcalcs/Grubbs1.cfm
Hakizimana, J. N., Gourich, B., Chafi, M., Stiriba, Y., Vial, C., Drogui, P., & Naja, J.
(2017, February 17). Electrocoagulation process in water treatment: A review of
electrocoagulation modeling approaches. Desalination, Vol. 404, pp. 1–21.
https://doi.org/10.1016/j.desal.2016.10.011
Hanselman, T. A., Graetz, D. A., & Wilkie, A. C. (2003). Manure-Borne Estrogens as
Potential Environmental Contaminants:&nbsp; A Review. Environmental Science &
Technology, 37(24), 5471–5478. https://doi.org/doi:10.1021/es034410+
Hansen, K. M. S., & Andersen, H. R. (2012). Energy effectiveness of direct UV and
UV/Htreatment of estrogenic chemicals in biologically treated sewage. International
Journal of Photoenergy, 2012, 1–9. https://doi.org/10.1155/2012/270320
Hauser-Davis, R. A., & Parente, T. E. (2018). Ecotoxycology: perspectives on key issues.
Retrieved from
https://books.google.com/books?id=Y7xaDwAAQBAJ&pg=PT184&lpg=PT184&d
q=cyclopentane+in+EE2&source=bl&ots=SIoQckzRMW&sig=TKdAYFmLw56xh
HCt9gYxKvc1vDI&hl=en&sa=X&ved=2ahUKEwjPke7GhvDcAhWl5IMKHchmC
dcQ6AEwAHoECAMQAQ#v=onepage&q=cyclopentane in EE2&f=false
Heffron, J., Marhefke, M., & Mayer, B. K. (2016). Removal of trace metal contaminants
from potable water by electrocoagulation. Scientific Reports, 6(1), 28478.
https://doi.org/10.1038/srep28478
Heffron, J., Ryan, D. R., & Mayer, B. K. (2019). Sequential electrocoagulationelectrooxidation for virus mitigation in drinking water. Water Research, 160, 435–
444. https://doi.org/10.1016/J.WATRES.2019.05.078
Heidmann, I., & Calmano, W. (2008). Removal of Cr(VI) from model wastewaters by
electrocoagulation with Fe electrodes. Separation and Purification Technology,
61(1), 15–21. https://doi.org/10.1016/j.seppur.2007.09.011
Hernando, M. D., Mezcua, M., Fernández-Alba, A. R., & Barceló, D. (2006).

139
Environmental risk assessment of pharmaceutical residues in wastewater effluents,
surface waters and sediments. Talanta, 69(2 SPEC. ISS.), 334–342.
https://doi.org/10.1016/j.talanta.2005.09.037
Holt, P. K., Barton, G. W., & Mitchell, C. a. (2005). The future for electrocoagulation as
a localised water treatment technology. Chemosphere, 59(3), 355–367.
https://doi.org/10.1016/j.chemosphere.2004.10.023
Hou, Y., Qu, J., Zhao, X., Liu, H., & Qiang, Z. (2009). Electro-oxidation of diclofenac at
boron doped diamond: Kinetics and mechanism. Electrochimica Acta, 54(17), 4172–
4179. https://doi.org/10.1016/j.electacta.2009.02.059
Hug, S. J., & Leupin, O. (2003). Iron-catalyzed oxidation of Arsenic(III) by oxygen and
by hydrogen peroxide: pH-dependent formation of oxidants in the Fenton reaction.
Environmental Science and Technology, 37(12), 2734–2742.
https://doi.org/10.1021/es026208x
Ibarra-Taquez, H. N., GilPavas, E., Blatchley, E. R., Gómez-García, M. Á., & DobroszGómez, I. (2017). Integrated electrocoagulation-electrooxidation process for the
treatment of soluble coffee effluent: Optimization of COD degradation and
operation time analysis. Journal of Environmental Management, 200, 530–538.
https://doi.org/10.1016/j.jenvman.2017.05.095
Jeong, J., Kim, C., & Yoon, J. (2009). The effect of electrode material on the generation
of oxidants and microbial inactivation in the electrochemical disinfection processes.
Water Research, 43(4), 895–901. https://doi.org/10.1016/j.watres.2008.11.033
Keenan, C. R., & Sedlak, D. L. (2008a). Factors affecting the yield of oxidants from the
reaction of nanonarticulate zero-valent iron and oxygen. Environmental Science and
Technology, 42(4), 1262–1267. https://doi.org/10.1021/es7025664
Keenan, C. R., & Sedlak, D. L. (2008b). Ligand-enhanced reactive oxidant generation by
nanoparticulate zero-valent iron and oxygen. Environmental Science and
Technology, 42(18), 6936–6941. https://doi.org/10.1021/es801438f
Khan, J. A., He, X., Khan, H. M., Shah, N. S., & Dionysiou, D. D. (2013). Oxidative
degradation of atrazine in aqueous solution by UV/H2O2/Fe2+, UV/S2O82-/Fe2+
and UV/HSO5-/Fe2+ processes: A comparative study. Chemical Engineering
Journal, 218, 376–383. https://doi.org/10.1016/j.cej.2012.12.055
Khanal, S. K., Xie, B., Thompson, M. L., Sung, S., Ong, S. K., & Van Leeuwen, J.
(2006). Fate, transport and biodegradation of natural estrogens in the environment
and engineered systems. Environmental Science and Technology, Vol. 40, pp. 6537–
6546. https://doi.org/10.1021/es0607739
Khatibikamal, V., Torabian, A., Janpoor, F., & Hoshyaripour, G. (2010). Fluoride

140
removal from industrial wastewater using electrocoagulation and its adsorption
kinetics. Journal of Hazardous Materials, 179(1–3), 276–280.
https://doi.org/10.1016/j.jhazmat.2010.02.089
Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J. M.,
& Flick, R. W. (2007). Collapse of a fish population after exposure to a synthetic
estrogen. Proceedings of the National Academy of Sciences, 104(21), 8897–8901.
https://doi.org/10.1073/pnas.0609568104
Kobya, M., Can, O. T., & Bayramoglu, M. (2003). Treatment of textile wastewaters by
electrocoagulation using iron and aluminum electrodes. Journal of Hazardous
Materials, 100(1–3), 163–178. https://doi.org/10.1016/S0304-3894(03)00102-X
Kolpin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg, S. D., Barber, L.
B., & Buxton, H. T. (2002). Pharmaceuticals, hormones, and other organic
wastewater contaminants in U.S. streams, 1999-2000: A national reconnaissance.
Environmental Science and Technology, 36(6), 1202–1211.
https://doi.org/10.1021/es011055j
Kuch, H. M., & Ballschmiter, K. (2001). Determination of endocrine-disrupting phenolic
compounds and estrogens in surface and drinking water by HRGC-(NCI)-MS in the
picogram per liter range. Environmental Science and Technology, 35(15), 3201–
3206. https://doi.org/10.1021/es010034m
Kucharzyk, K. H., Darlington, R., Benotti, M., Deeb, R., & Hawley, E. (2017). Novel
treatment technologies for PFAS compounds: A critical review. Journal of
Environmental Management, 204, 757–764.
https://doi.org/10.1016/j.jenvman.2017.08.016
Kuo, C.-H., Yang, S.-N., Kuo, P.-L., & Hung, C.-H. (2012). Immunomodulatory effects
of environmental endocrine disrupting chemicals. The Kaohsiung Journal of
Medical Sciences, 28(7), S37–S42. https://doi.org/10.1016/J.KJMS.2012.05.008
Lai, K. M., Johnson, K. L., Scrimshaw, M. D., & Lester, J. N. (2000). Binding of
waterborne steroid estrogens to solid phases in river and estuarine systems.
Environmental Science and Technology, 34(18), 3890–3894.
https://doi.org/10.1021/es9912729
Lakshmanan, D., Clifford, D. A., & Samanta, G. (2009). Ferrous and ferric ion
generation during iron electrocoagulation. Environmental Science and Technology,
43(10), 3853–3859. https://doi.org/10.1021/es8036669
Lakshmi Kruthika, N., Karthika, S., Bhaskar Raju, G., & Prabhakar, S. (2013). Efficacy
of electrocoagulation and electrooxidation for the purification of wastewater
generated from gelatin production plant. Journal of Environmental Chemical
Engineering, 1(3), 183–188. https://doi.org/10.1016/j.jece.2013.04.017

141
Lee, S. Y., & Gagnon, G. A. (2016). Comparing the growth and structure of flocs from
electrocoagulation and chemical coagulation. Journal of Water Process
Engineering, 10, 20–29. https://doi.org/10.1016/j.jwpe.2016.01.012
Lee, Y., Escher, B. I., & Von Gunten, U. (2008). Efficient removal of estrogenic activity
during oxidative treatment of waters containing steroid estrogens. Environmental
Science and Technology, 42(17), 6333–6339. https://doi.org/10.1021/es7023302
Lee, Y., Yoon, J., & Von Gunten, U. (2005). Kinetics of the oxidation of phenols and
phenolic endocrine disruptors during water treatment with ferrate (Fe(VI)).
Environmental Science and Technology, 39(22), 8978–8984.
https://doi.org/10.1021/es051198w
Lenz, K., Beck, V., & Fuerhacker, M. (2002). Behaviour of bisphenol A (BPA), 4nonylphenol (4-NP) and oxidative water treatment processes. Water Science &
Technology, 50(5), 141–148. Retrieved from https://iwaponline.com/wst/articlepdf/50/5/141/420083/141.pdf
Li, C., Li, X. Z., Graham, N., & Gao, N. Y. (2008). The aqueous degradation of
bisphenol A and steroid estrogens by ferrate. Water Research, 42(1–2), 109–120.
https://doi.org/10.1016/j.watres.2007.07.023
Li, J., Jiang, L., Liu, X., & Lv, J. (2013). Adsorption and aerobic biodegradation of four
selected endocrine disrupting chemicals in soil-water system. International
Biodeterioration and Biodegradation, 76, 3–7.
https://doi.org/10.1016/j.ibiod.2012.06.004
Li, L., Van Genuchten, C. M., Addy, S. E. A., Yao, J., Gao, N., & Gadgil, A. J. (2012).
Modeling As(III) oxidation and removal with iron electrocoagulation in
groundwater. Environmental Science and Technology, 46(21), 12038–12045.
https://doi.org/10.1021/es302456b
Li Puma, G., Puddu, V., Tsang, H. K., Gora, A., & Toepfer, B. (2010). Photocatalytic
oxidation of multicomponent mixtures of estrogens (estrone (E1), 17β-estradiol
(E2), 17α-ethynylestradiol (EE2) and estriol (E3)) under UVA and UVC radiation:
Photon absorption, quantum yields and rate constants independent of photon
absorption. Applied Catalysis B: Environmental, 99(3–4), 388–397.
https://doi.org/10.1016/J.APCATB.2010.05.015
Lin, H., Wang, Y., Niu, J., Yue, Z., & Huang, Q. (2015). Efficient Sorption and Removal
of Perfluoroalkyl Acids (PFAAs) from Aqueous Solution by Metal Hydroxides
Generated in Situ by Electrocoagulation. Environmental Science and Technology,
49(17), 10562–10569. https://doi.org/10.1021/acs.est.5b02092
Linares-Hernández, I., Barrera-Díaz, C., Bilyeu, B., Juárez-GarcíaRojas, P., & CamposMedina, E. (2010). A combined electrocoagulation-electrooxidation treatment for

142
industrial wastewater. Journal of Hazardous Materials, 175(1–3), 688–694.
https://doi.org/10.1016/j.jhazmat.2009.10.064
Liu, H., Zhao, X., & Qu, J. (2010). Electrocoagulation in Water Treatment. In C.
Comninellis & G. Chen (Eds.), Electrochemistry for the Environment (pp. 245–262).
https://doi.org/10.1007/978-0-387-68318-8_10
Liu, Z.-H. hua, Kanjo, Y., & Mizutani, S. (2009). Removal mechanisms for endocrine
disrupting compounds (EDCs) in wastewater treatment - physical means,
biodegradation, and chemical advanced oxidation: a review. The Science of the Total
Environment, 407(2), 731–748. https://doi.org/10.1016/j.scitotenv.2008.08.039
Liu, Z. H., Lu, G. N., Yin, H., Dang, Z., & Rittmann, B. (2015). Removal of natural
estrogens and their conjugates in municipal wastewater treatment plants: A critical
review. Environmental Science and Technology, Vol. 49, pp. 5288–5300.
https://doi.org/10.1021/acs.est.5b00399
Lorphensri, O., Intravijit, J., Sabatini, D. A., Kibbey, T. C. G. G., Osathaphan, K., &
Saiwan, C. (2006). Sorption of acetaminophen, 17α-ethynyl estradiol, nalidixic acid,
and norfloxacin to silica, alumina, and a hydrophobic medium. Water Research,
40(7), 1481–1491. https://doi.org/10.1016/j.watres.2006.02.003
Macpherson, J. V. (2015). A practical guide to using boron doped diamond in
electrochemical research. Physical Chemistry Chemical Physics, 17(5), 2935–2949.
https://doi.org/10.1039/c4cp04022h
Maher, E. K., O’Malley, K. N., Heffron, J., Huo, J., Mayer, B. K., Wang, Y., &
McNamara, P. J. (2019). Analysis of operational parameters, reactor kinetics, and
floc characterization for the removal of estrogens via electrocoagulation.
Chemosphere, 220, 1141–1149. https://doi.org/10.1016/j.chemosphere.2018.12.161
Maher, E. K., O’Malley, K. N., Heffron, J., Huo, J., Wang, Y., Mayer, B. K., &
McNamara, P. J. (2019). Removal of estrogenic compounds: Via iron
electrocoagulation: Impact of water quality and assessment of removal mechanisms.
Environmental Science: Water Research and Technology, 5(5), 956–966.
https://doi.org/10.1039/c9ew00087a
Malakootian, M., Mansoorian, H. J., & Moosazadeh, M. (2010). Performance evaluation
of electrocoagulation process using iron-rod electrodes for removing hardness from
drinking water. Desalination, 255(1–3), 67–71.
https://doi.org/10.1016/j.desal.2010.01.015
Martins, A. F., Mallmann, C. A., Arsand, D. R., Mayer, F. M., & Brenner, C. G. B.
(2011). Occurrence of the Antimicrobials Sulfamethoxazole and Trimethoprim in
Hospital Effluent and Study of Their Degradation Products after Electrocoagulation.
Clean - Soil, Air, Water, 39(1), 21–27. https://doi.org/10.1002/clen.201000126

143
Matteson, M. J., Dobson, R. L., Glenn, R. W., Kukunoor, N. S., Waits, W. H., &
Clayfield, E. J. (1995). Electrocoagulation and separation of aqueous suspensions of
ultrafine particles. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 104(1), 101–109. https://doi.org/10.1016/0927-7757(95)03259-G
Mayer, B. K., Johnson, C., Yang, Y., Wellenstein, N., Maher, E., & McNamara, P. J.
(2019). From micro to macro-contaminants: The impact of low-energy titanium
dioxide photocatalysis followed by filtration on the mitigation of drinking water
organics. Chemosphere, 217, 111–121. Retrieved from
https://linkinghub.elsevier.com/retrieve/pii/S0045653518320885
Mcdowell, D. C., Huber, M. M., Wagner, M., Von Gunten, U., & Ternes, T. A. (2005).
Ozonation of carbamazepine in drinking water: Identification and kinetic study of
major oxidation products. Environmental Science and Technology, 39(20), 8014–
8022. https://doi.org/10.1021/es050043l
Mission, E. G., Gaspillo, P. D., Belo, L. P., & Cruz, G. T. (2010). Treatment of Ibuprofen
in Simulated Wastewater through Compact Electrocoagulation Process. Proceedings
of the 5th ERDT Conference, 2094–2516. Retrieved from
http://s3.amazonaws.com/academia.edu.documents/41801293/TREATMENT_OF_I
BUPROFEN_IN_SIMULATED_WAST20160131-212131h8sx9d.pdf?AWSAccessKeyId=AKIAIWOWYYGZ2Y53UL3A&Expires=149996
8876&Signature=%2FLAWNuOpZML8xvdCBh0j6ijTSy4%3D&response-contentdisposition=inlin
Mohora, E., Rončeví, S., Dalmacija, B., Agbaba, J., Watson, M., Karloví, E., &
Dalmacija, M. (2012). Removal of natural organic matter and arsenic from water by
electrocoagulation/flotation continuous flow reactor. Journal of Hazardous
Materials, 235, 257–264. https://doi.org/10.1016/j.jhazmat.2012.07.056
Mollah, M., Morkovsky, P., Gomes, J., Kesmez, M., Parga, J., & Cocke, D. (2004).
Fundamentals, present and future perspectives of electrocoagulation. Journal of
Hazardous Materials, 114(1–3), 199–210.
https://doi.org/10.1016/j.jhazmat.2004.08.009
Moreno, H. A. C., Cocke, D. L., Gomes, J. A. G., Morkovsky, P., Parga, J. R., Peterson,
E., & Garcia, C. (2007). Electrochemistry behind Electrocoagulation using Iron
Electrodes. ECS Transactions, 6(9), 1–15. https://doi.org/10.1149/1.2790397
Moussout, H., Ahlafi, H., Aazza, M., & Maghat, H. (2018). Critical of linear and
nonlinear equations of pseudo-first order and pseudo-second order kinetic models.
Karbala International Journal of Modern Science, 4(2), 244–254.
https://doi.org/10.1016/j.kijoms.2018.04.001
Murugananthan, M., Yoshihara, S., Rakuma, T., & Shirakashi, T. (2008). Mineralization
of bisphenol A (BPA) by anodic oxidation with boron-doped diamond (BDD)

144
electrode. Journal of Hazardous Materials, 154(1–3), 213–220.
https://doi.org/10.1016/j.jhazmat.2007.10.011
Murugananthan, M., Yoshihara, S., Rakuma, T., Uehara, N., & Shirakashi, T. (2007).
Electrochemical degradation of 17β-estradiol (E2) at boron-doped diamond
(Si/BDD) thin film electrode. Electrochimica Acta, 52(9), 3242–3249.
https://doi.org/10.1016/j.electacta.2006.09.073
Naje, A. S., Chelliapan, S., Zakaria, Z., & Abbas, S. A. (2015). Enhancement of an
Electrocoagulation Process for the Treatment of Textile Wastewater under
Combined Electrical Connections Using Titanium Plates. Int. J. Electrochem. Sci,
10, 4495–4512. Retrieved from www.electrochemsci.org
Nakada, N., Nyunoya, H., Nakamura, M., Hara, A., Iguchi, T., & Takada, H. (2004).
Identification of estrogenic compounds in wastewater effluent. Environmental
Toxicology and Chemistry, 23(12), 2807–2815. https://doi.org/10.1897/03-699.1
National Institute of Environmental Health Sciences. (2010). Endocrine Disruptors.
Retrieved from
https://www.niehs.nih.gov/health/materials/endocrine_disruptors_508.pdf
Nussey, S. S. (2001). Endocrinology : An Integrated Approach.
https://doi.org/10.1201/b15306
Ouaissa, Y. A., Chabani, M., Amrane, A., & Bensmaili, A. (2014). Removal of
tetracycline by electrocoagulation: Kinetic and isotherm modeling through
adsorption. Journal of Environmental Chemical Engineering, 2(1), 177–184.
https://doi.org/10.1016/j.jece.2013.12.009
Öztürk, H., Barışçı, S., Turkay, O., & Veli, S. (2019). Electrocatalytic Degradation of
Phenol by the Electrooxidation–Electrocoagulation Hybrid Process: Kinetics and
Identification of Degradation Intermediates. Journal of Environmental Engineering,
145(5), 04019014. https://doi.org/10.1061/(asce)ee.1943-7870.0001514
Pal, A., Gin, K. Y. H., Lin, A. Y. C., & Reinhard, M. (2010, November). Impacts of
emerging organic contaminants on freshwater resources: Review of recent
occurrences, sources, fate and effects. Science of the Total Environment, Vol. 408,
pp. 6062–6069. https://doi.org/10.1016/j.scitotenv.2010.09.026
Pan, C., Troyer, L. D., Catalano, J. G., & Giammar, D. E. (2016). Dynamics of
Chromium(VI) Removal from Drinking Water by Iron Electrocoagulation.
Environmental Science & Technology, 50(24), 13502–13510.
https://doi.org/10.1021/acs.est.6b03637
Panizza, M. (2010). Importance of electrode material in the electrochemical treatment of
wastewater containing organic pollutants. In Electrochemistry for the Environment

145
(pp. 25–54). https://doi.org/10.1007/978-0-387-68318-8_2
Pereira, R. O., Postigo, C., de Alda, M. L., Daniel, L. A., & Barceló, D. (2011, February
1). Removal of estrogens through water disinfection processes and formation of byproducts. Chemosphere, Vol. 82, pp. 789–799.
https://doi.org/10.1016/j.chemosphere.2010.10.082
Pestovsky, O., & Bakac, A. (2004). Reactivity of aqueous Fe(IV) in hydride and
hydrogen atom transfer reactions. Journal of the American Chemical Society,
126(42), 13757–13764. https://doi.org/10.1021/ja0457112
Pignatello, J. J., Liu, D., & Huston, P. (1999). Evidence for an additional oxidant in the
photoassisted Fenton reaction. Environmental Science and Technology, 33(11),
1832–1839. https://doi.org/10.1021/es980969b
Public Supply Water Use. (n.d.). Retrieved July 24, 2019, from
https://www.usgs.gov/special-topic/water-science-school/science/public-supplywater-use?qt-science_center_objects=0#qt-science_center_objects
Rahhal, S., & Richter, H. W. (1988). Reduction of hydrogen peroxide by the ferrous iron
chelate of diethylenetriamine-N,N,N’,N",N"-pentaacetate. Journal of the American
Chemical Society, 110(10), 3126–3133. https://doi.org/10.1021/ja00218a022
Rajeshwar, K., Ibanez, J. G., & Swain, G. M. (1994). Electrochemistry and the
environment. Journal of Applied Electrochemistry, 24(11), 1077–1091.
https://doi.org/10.1007/BF00241305
Raju, G. B., Karuppiah, M. T., Latha, S. S., Parvathy, S., & Prabhakar, S. (2008).
Treatment of wastewater from synthetic textile industry by electrocoagulationelectrooxidation. Chemical Engineering Journal, 144(1), 51–58.
https://doi.org/10.1016/j.cej.2008.01.008
Reynolds, T. D., & Richards, P. A. (1996). Unit operations and processes in
environmental engineering. PWS Pub. Co.
Rivas, F. J., Beltrán, F. J., Frades, J., & Buxeda, P. (2001). Oxidation of phydroxybenzoic acid by Fenton’s reagent. Water Research, 35(2), 387–396.
https://doi.org/10.1016/S0043-1354(00)00285-2
Rodgers-gray, T. P., Jobling, S., Morris, S., Kelly, C., Kirby, S., Janbakhsh, a, … Fonta,
C. (2009). Decomposition of various endocrine-disrupting chemicals at boron-doped
diamond electrode. Environ. Sci. Technol. 34, 1521 Á / 1528, 34(7), 1521–1528.
https://doi.org/10.1016/j.electacta.2008.07.006
Roy, J. R., Chakraborty, S., & Chakraborty, T. R. (2009). Estrogen-like endocrine
disrupting chemicals affecting puberty in humans--a review. Medical Science
Monitor : International Medical Journal of Experimental and Clinical Research,

146
15(6), RA137-45. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/19478717
Rush, J. D., Maskos, Z., & Koppenol, W. H. (1990). Distinction between hydroxyl
radical and ferryl species. Methods in Enzymology, 186, 148–156.
https://doi.org/10.1016/0076-6879(90)86104-4
Samios, S., Lekkas, T., Nikolaou, A., & Golfinopoulos, S. (2007). Structural
investigations of aquatic humic substances from different watersheds. Desalination,
210(1–3), 125–137. https://doi.org/10.1016/j.desal.2006.05.038
Sarkar, S. (2013). Fate of Estrogens in Anaerobic Digestion and their removal in
Advanced Oxidation (The University of Western Ontario). Retrieved from
https://ir.lib.uwo.ca/etdRepository.1415.https://ir.lib.uwo.ca/etd/1415
Sarkar, S., Ali, S., Rehmann, L., Nakhla, G., & Ray, M. B. (2014). Degradation of
estrone in water and wastewater by various advanced oxidation processes. Journal
of Hazardous Materials, 278, 16–24.
https://doi.org/10.1016/J.JHAZMAT.2014.05.078
Schauer, J. J., Hemming, J. D. C., Hedman, C. J., Shafer, M. M., Havens, S. M., &
Mieritz, M. G. (2014). Comparison of Accelerated Solvent Extraction, Soxhlet and
Sonication Techniques for the Extraction of Estrogens, Androgens and Progestogens
from Soils. Journal of Agricultural Chemistry and Environment, 03(03), 103–120.
https://doi.org/10.4236/jacen.2014.33013
Schwarzenbach, R. P., Gschwend, P. M., & Imboden, D. M. (2003a). Activity Coefficient
and Solubility in Water. In Environmental Organic Chemistry (Second, pp. 146–
150). Hoboken: John Wiley & Sons, Inc.
Schwarzenbach, R. P., Gschwend, P. M., & Imboden, D. M. (2003b). Partitioning:
Molecular Interactions and Thermodynamics. In Environmental Organic Chemistry
(Second, pp. 60–65; 146–150). Hoboken: John Wiley & Sons, Inc.
Silva, C. P., Otero, M., & Esteves, V. (2012). Processes for the elimination of estrogenic
steroid hormones from water: A review. Environmental Pollution, 165, 38–58.
https://doi.org/10.1016/j.envpol.2012.02.002
Sirés, I., & Brillas, E. (2012). Remediation of water pollution caused by pharmaceutical
residues based on electrochemical separation and degradation technologies: a
review. Environment International, 40(2012), 212–229.
https://doi.org/10.1016/j.envint.2011.07.012
Snyder, S. A., Wert, E. C., Rexing, D. J., Zegers, R. E., & Drury, D. D. (2006). Ozone
Oxidation of Endocrine Disruptors and Pharmaceuticals in Surface Water and
Wastewater. Ozone: Science & Engineering, 28(6), 445–460.
https://doi.org/10.1080/01919510601039726

147
Snyder, S. A., Westerhoff, P., Yoon, Y., & Sedlak, D. L. (2003). Pharmaceuticals,
Personal Care Products, and Endocrine Disruptors in Water: Implications for the
Water Industry. Environmental Engineering Science, 20(5), 449–469. Retrieved
from http://online.liebertpub.com/doi/pdf/10.1089/109287503768335931
Snyder, S., Wert, E., Rexing, D., Southern Nevada Water Authority, Westerhoff, P., &
Yoon, Y. (2004). Conventional and Advanced Water Treatment Processes for the
Removal of Endocrine Disruptors and Pharmaceuticals. Water Quality Conference,
247–264. Retrieved from https://iatp.org/files/64_2_37600.pdf
Sondi, I., Shi, S., & Matijević, E. (2001). Precipitation of monodispersed basic iron(III)
sulfate (sodium jarosite) particles. Colloid and Polymer Science, 279(2), 161–165.
https://doi.org/10.1007/s003960000401
Sopaj, F., Rodrigo, M. A., Oturan, N., Podvorica, F. I., Pinson, J., & Oturan, M. A.
(2015). Influence of the anode materials on the electrochemical oxidation efficiency.
Application to oxidative degradation of the pharmaceutical amoxicillin. Chemical
Engineering Journal, 262, 286–294. https://doi.org/10.1016/j.cej.2014.09.100
Statistics Solutions. (2017). Table of Critical Values: Pearson Correlation - Statistics
Solutions. Retrieved August 8, 2017, from http://www.statisticssolutions.com/tableof-critical-values-pearson-correlation/
Stumpe, B., & Marschner, B. (2009). Factors controlling the biodegradation of 17βestradiol, estrone and 17α-ethinylestradiol in different natural soils. Chemosphere,
74(4), 556–562. https://doi.org/10.1016/j.chemosphere.2008.09.072
Szpyrkowicz, L. (2005). Hydrodynamic effects on the performance of electrocoagulation/electro- flotation for the removal of dyes from textile wastewater.
Industrial and Engineering Chemistry Research, 44(20), 7844–7853.
https://doi.org/10.1021/ie0503702
Ternes, T. A. (1998). Occurrence of drugs in German sewage treatment plants and rivers.
Water Research, 32(11), 3245–3260. https://doi.org/10.1016/S0043-1354(98)000992
Timmes, T. C., Kim, H. C., & Dempsey, B. A. (2010). Electrocoagulation pretreatment
of seawater prior to ultrafiltration: Pilot-scale applications for military water
purification systems. Desalination, 250(1), 6–13.
https://doi.org/10.1016/j.desal.2009.03.021
Tong, Y., Mayer, B. K., & McNamara, P. J. (2016). Triclosan adsorption using
wastewater biosolids-derived biochar. Environmental Science: Water Research and
Technology, 2(4), 761–768. https://doi.org/10.1039/c6ew00127k
Toral, M. I., Nacaratte, F., Nova-Ramírez, F., & Otipka, R. (2013). Parallel determination

148
of desogestrel and 17α-ethinylestradiol in pharmaceutical formulation by derivative
spectrophotometry. Journal of the Chilean Chemical Society, 58(2), 1779–1784.
Retrieved from http://www.scielo.cl/pdf/jcchems/v58n2/art31.pdf
Uǧurlu, M., Gürses, A., Doǧar, Ç., & Yalçin, M. (2008). The removal of lignin and
phenol from paper mill effluents by electrocoagulation. Journal of Environmental
Management, 87(3), 420–428. https://doi.org/10.1016/j.jenvman.2007.01.007
Ulu, F., Barişçi, S., Kobya, M., Särkkä, H., & Sillanpää, M. (2014). Removal of humic
substances by electrocoagulation (EC) process and characterization of floc size
growth mechanism under optimum conditions. Separation and Purification
Technology, 133, 246–253. https://doi.org/10.1016/j.seppur.2014.07.003
US EPA. (2016). Contaminant Candidate List 4 - CCL 4. 4(September), 2. Retrieved
from https://www.epa.gov/ccl/contaminant-candidate-list-4-ccl-4-0
Vajda, A. M., Barber, L. B., Gray, J. L., Lopez, E. M., Woodling, J. D., & Norris, D. O.
(2008a). Reproductive disruption in fish downstream from an estrogenic wastewater
effluent. Environmental Science & Technology, 42(9), 3407–3414.
Vajda, A. M., Barber, L. B., Gray, J. L., Lopez, E. M., Woodling, J. D., & Norris, D. O.
(2008b). Reproductive Disruption in Fish Downstream from an Estrogenic
Wastewater Effluent. Environmental Science & Technology, 42(9), 3407–3414.
https://doi.org/10.1021/es0720661
Van Genuchten, C. M., Peña, J., Amrose, S. E., & Gadgil, A. J. (2014). Structure of
Fe(III) precipitates generated by the electrolytic dissolution of Fe(0) in the presence
of groundwater ions. Geochimica et Cosmochimica Acta, 127, 285–304.
https://doi.org/10.1016/j.gca.2013.11.044
Vulliet, E., Cren-Olivé, C., & Grenier-Loustalot, M.-F. (2011). Occurrence of
pharmaceuticals and hormones in drinking water treated from surface waters.
Environmental Chemistry Letters, 9(1), 103–114. https://doi.org/10.1007/s10311009-0253-7
Wan, W., Pepping, T. J., Banerji, T., Chaudhari, S., & Giammar, D. E. (2011). Effects of
water chemistry on arsenic removal from drinking water by electrocoagulation.
Water Research, 45(1), 384–392. https://doi.org/10.1016/j.watres.2010.08.016
Wang, X., Wang, S., Qu, R., Ge, J., Wang, Z., & Gu, C. (2018). Enhanced Removal of
Chlorophene and 17β-estradiol by Mn(III) in a Mixture Solution with Humic Acid:
Investigation of Reaction Kinetics and Formation of Co-oligomerization Products.
Environmental Science and Technology, 52(22), 13222–13230.
https://doi.org/10.1021/acs.est.8b04116
Westerhoff, P., Yoon, Y., Snyder, S., & Wert, E. (2005). Fate of endocrine-disruptor,

149
pharmaceutical, and personal care product chemicals during simulated drinking
water treatment processes. Environmental Science and Technology, 39(17), 6649–
6663. https://doi.org/10.1021/es0484799
Wise, A., O’Brien, K., Woodruff, T., & Grzybowski, W. (2011). Are oral contraceptives
a significant contributor to the estrogenicity of drinking water? Environmental
Science & Technology, 45(17), 7605; author reply 7606-7.
https://doi.org/10.1021/es201802r
Wise, Amber, O’Brien, K., & Woodruff, T. (2011). Are oral contraceptives a significant
contributor to the estrogenicity of drinking water? Environmental Science and
Technology, 45(1), 51–60. https://doi.org/10.1021/es1014482
Yeung, A., Gibbs, A., & Pelton, R. (1997). Effect of shear on the strength of polymerinduced flocs. Journal of Colloid and Interface Science, 196(1), 113–115.
https://doi.org/10.1006/jcis.1997.5140
Yildiz, Y. Ş., Koparal, A. S., Irdemez, Ş., & Keskinler, B. (2007). Electrocoagulation of
synthetically prepared waters containing high concentration of NOM using iron cast
electrodes. Journal of Hazardous Materials, 139(2), 373–380.
https://doi.org/10.1016/j.jhazmat.2006.06.044
Ying, G. G., Kookana, R. S., & Ru, Y. J. (2002, December). Occurrence and fate of
hormone steroids in the environment. Environment International, Vol. 28, pp. 545–
551. https://doi.org/10.1016/S0160-4120(02)00075-2
Yoshihara, S., & Murugananthan, M. (2009). Decomposition of various endocrinedisrupting chemicals at boron-doped diamond electrode. Electrochimica Acta, 54(7),
2031–2038. https://doi.org/10.1016/j.electacta.2008.07.006
Zaviska, F., Drogui, P., Blais, J.-F., Mercier, G., & Lafrance, P. (2011). Experimental
design methodology applied to electrochemical oxidation of the herbicide atrazine
using Ti/IrO2 and Ti/SnO2 circular anode electrodes. Journal of Hazardous
Materials, 185(2–3), 1499–1507. https://doi.org/10.1016/J.JHAZMAT.2010.10.075
Zhang, C., Li, Y., Wang, C., Niu, L., & Cai, W. (2015). Occurrence of endocrine
disrupting compounds in aqueous environment and their bacterial degradation: A
review. Critical Reviews in Environmental Science and Technology, 46(1), 1–59.
https://doi.org/10.1080/10643389.2015.1061881
Zhao, J., Zhang, Y., Quan, X., & Chen, S. (2010). Enhanced oxidation of 4-chlorophenol
using sulfate radicals generated from zero-valent iron and peroxydisulfate at ambient
temperature. Separation and Purification Technology, 71(3), 302–307.
https://doi.org/10.1016/j.seppur.2009.12.010
Zhou, S., Bu, L., Shi, Z., Bi, C., & Yi, Q. (2016). A novel advanced oxidation process

150
using iron electrodes and ozone in atrazine degradation: Performance and
mechanism. Chemical Engineering Journal, 306, 719–725.
https://doi.org/10.1016/j.cej.2016.08.001

151
Appendices
Appendix 2A. Physical-chemical properties of estrogenic compounds
Table 2A. Physical-chemical properties of estrogenic compounds
Property
Molecular
Formula
CAS No.

Estrone (E1)

17β-Estradiol
(E2)

Estriol (E3)

17αEthynylestra
diol (EE2)

C18H22O2

C18H24O2

C18H24O3

C20H24O2

53-16-7

50-28-2

50-27-1

57-63-6

Natural

Natural

Natural

Synthetic

270.4

272.4

288.4

296.403

3.43

3.94

2.81

4.15

Structure
(“ChemSpider |
Search and share
chemistry,” n.d.)
Type
Molecular Weight
(g mol-1)
(Ying et al., 2002)
Log KOW
(Ying et al., 2002)
pKa
(Hanselman,
Graetz, & Wilkie,
2003)
Water Solubility
(Ying et al., 2002)
Henry’s Law
Constant
(atm m3 mol-1)
(Zhang et al.,
2015)
Vapor Pressure
(Ying et al., 2002)

10.5-10.7

10.3-10.8

10.3-10.8

10.4 (Toral,
Nacaratte,
NovaRamírez, &
Otipka, 2013)

13

13

13

4.8

3.8x10-10

3.64x10-11

1.33x10-12

7.94x10-12

2.3x10-10

2.3x10-10

6.7x10-15

4.5x10-11
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Appendix 3A. Liquid Chromatography-Mass Spectrometry Methods
Table 3A.1. LC-MS Parameters
Parameter
Value
Eluent Type:
Gradient
Mobile Phase A:
Milli-Q water
Mobile Phase B:
Methanol
Flow Rate:
0.4 mL/min
Column Temperature:
35°C
Detection:
Electrospray Mass Spec (ESMS) at 40°C
Injection Volume:
15 µL
Acquisition Mode:
SIM
Interface Temperature:
350°C
DL Temperature:
250°C
Nebulizer Gas Flow:
1.5 L/min
Heat Block:
400°C
Drying Gas Flow:
15 L/min

Table 3A.2. Liquid Chromatography Gradient Flow
Mobile Phase Mobile Phase
Time (min)
A
B
0
65
35
0.6
35
65
7.5
35
65
8.5
15
85
13
15
85
13.01
35
65
15
65
35
16
STOP
STOP
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Appendix 3B. Standard Curve, Limit of Detection (LOD), and Limit of
Quantification (LOQ) Criteria

Standard Curve: Ten standards at concentrations of approximately 1.56, 3.13, 6.25, 12.5,
25, 50, 100, 200, 400, and 800 µg L-1 were prepared for each test in the same manner as
the synthetic surface water solution to emulate the impact of water quality parameters on
the potential ion suppression during LC-MS analysis. The number of standards used to
analyze the data was dependent upon the limit of detection (LOD) and limit of
quantification (LOQ) for that specific surface water solution, as described in section
2.6.1. The number of standards for each test ranged from 6 to 10 depending upon the
compound (E1, E2, E3, or EE2). The appropriate R2 range according to a Table of
Critical Values from the Pearson Correlation with degrees of freedom from 4 to 6 at 99.5
percent confidence would be 0.99 and 0.917(Statistics Solutions, 2017).

LOD and LOQ: The LOD and LOQ were based on the signal-to-noise ratio (S/N)
reported from the LC-MS software from Shimadzu for each standard curve prepared. The
LOD was defined as having an S/N of 1:3 or greater and the LOQ was defined as having
an S/N of 1:10 or greater. Non-detect samples were set to the LOD, while samples with
peaks of S/N less than 10 were set to the LOQ.
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Appendix 3C. Test Data
Table 3C. Experimental operation parameters and final pH
Current
Density
(mA cm-2)

Polarity
Reversal Time
(s)

Conductivit
y
µS cm-1

Stir Rate
(rpm)

pH

Final
pH

4.16
4.16
4.16
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
8.3
8.3
8.3
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7
16.7

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
120
120
120
240
240
240

962
962
962
1017
1017
1017
975
1000
1000
1000
512
512
512
1000
1000
1000
3000
3000
3000
1000
1000
1000
1002
1002
1002
1016
1016
1016
988
988
988
923
923
923

500
500
500
50
50
50
50
120
120
120
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

6.94
6.94
6.94
7.09
7.09
7.09
7.08
7.06
7.06
7.06
7.04
7.04
7.04
6.98
6.98
6.98
6.97
6.99
6.99
7.04
7.04
7.04
7.05
7.05
7.05
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06
7.06

10.51
10.17
10.54
9.4
9.04
9.8
9.88
7.35
8.31
6.94
8.15
8.43
7.64
7.46
7.84
7.68
8.38
6.71
7.03
8.69
10.33
10.39
7.83
9.71
9.86
7.89
7.68
7.95
8.73
8.51
8.62
10.17
9.53
9.33
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Appendix 3D. Conductivity
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Figure 3D. Conductivity impacted removal for E1, E2, and E3 only between 500 and
1000 µS cm-1 (p-values ≤ 0.0007) and 500 and 3000 µS cm-1 (p-values ≤ 0.002). There
was no significant difference in E1, E2, and E3 removal between conductivities of 1000
and 3000 µS cm-1 (p-values ≥ 0.22) while maintaining a current density of 16.7 mA cm-2.
The time was 120 min of iron EC at pH 7 with an initial estrogen concentration of
approximately 200 µg L-1. The error bars represent the standard error of the mean.
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Appendix 3E. Energy Use and Degradation
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Figure 3E. Energy versus applied voltage for the various EC systems investigated.
Conductivity (µS cm-1) is grouped by shape and current density (mA cm-2) is grouped by
color.
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Appendix 3F. X-Ray Diffraction Patterns

pH 7, 500 uS/cm

pH 7, 1000 uS/cm

lepidocrocite (γ-FeOOH)

Figure 3F. XRD patterns of iron flocs produced during EC. The reference pattern for
lepidocrocite (01-0136) is included for comparison.
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Appendix 3G. SEM and EDX Results

b

a

c

Figure 3G.1. SEM photographs of freeze dried EC iron floc from EC at a current density
16.7 mA cm-2 for 120 minutes, pH 7, and conductivity of 1000 µS cm-1 at magnifications
of x55 (a), x500 (b), and x650 (c).
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Figure 3G.2. EDX data showing the main components of the iron oxide floc consist
mainly of iron and oxygen.
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Appendix 4A. XRD Patterns of Iron Floc at Different pH values and Different
Electrocoagulation Times
X-ray diffraction (XRD) patterns of the ferric and ferrous flocs were obtained using a
Bruker D8 Discover A25 diffractometer with a copper Kα radiation to determine their
crystalline phases. The XRD scans were recorded from 2θ of 10º - 70º using a step size of
0.02º and a count time of 0.4 s per step.

Figure 4A.1 XRD patterns of iron flocs produced from conventional coagulation jar tests
using (a) FeSO4 and (b) Fe2(SO4)3. The reference patterns for goethite (G, 29-0713),
magnetite (M, 65-3107), and natrojarosite (N, 51-1567) are included for comparison.
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Figure 4A.2 XRD patterns of iron floc produced at different pH values and EC times.
The reference pattern for lepidocrocite (01-0136) is included for comparison.
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Appendix 4B. Post-hoc Statistical Analysis P-values
Table 4B.1. Post-hoc p-values with Fisher's LSD for Multiple Comparisons at Variable
pH
Estradiol (E1)
Fisher's LSD
Mean Diff.
95.00% CI of diff.
Significant? P Value
pH 5.5 vs. pH 7.0
-0.3738
-0.4897 to -0.2579
Yes
0.0002
pH 5.5 vs. pH 9.5
-0.7919
-0.9078 to -0.676
Yes
<0.0001
pH 7.0 vs. pH 9.5
-0.4181
-0.534 to -0.3022
Yes
0.0001
17β- Estradiol (E2)
Fisher's LSD
Mean Diff.
95.00% CI of diff.
Significant? P Value
pH 5.5 vs. pH 7.0
-0.571
-0.6584 to -0.4835
Yes
<0.0001
pH 5.5 vs. pH 9.5
-0.9274
-1.015 to -0.8399
Yes
<0.0001
pH 7.0 vs. pH 9.5
-0.3564
-0.4439 to -0.2689
Yes
<0.0001
Estriol (E3)
Fisher's LSD
Mean Diff.
95.00% CI of diff.
Significant? P Value
pH 5.5 vs. pH 7.0
-0.424
-0.5426 to -0.3053
Yes
0.0001
pH 5.5 vs. pH 9.5
-0.7667
-0.8854 to -0.648
Yes
<0.0001
pH 7.0 vs. pH 9.5
-0.3427
-0.4614 to -0.2241
Yes
0.0004
17α-Ethynylestradiol (EE2)
Fisher's LSD
Mean Diff.
95.00% CI of diff.
Significant? P Value
pH 5.5 vs. pH 7.0
-0.1295
-0.1772 to -0.08182
Yes
0.0006
pH 5.5 vs. pH 9.5
0.2091
0.1614 to 0.2567
Yes
<0.0001
pH 7.0 vs. pH 9.5
0.3386
0.2909 to 0.3862
Yes
<0.0001
Table 4B.2. Post-hoc p-values with Fisher's LSD for Multiple Comparisons at Variable
Turbidities
Estradiol (E1)
Fisher's LSD
Mean Diff. 95.00% CI of diff.
Significant? P Value
0.0 NTU vs. 2.0 NTU
0.1251
-0.02172 to 0.272
No
0.085
0.0 NTU vs. 60.0 NTU
-0.05162
-0.1985 to 0.09522
No
0.441
2.0 NTU vs. 60.0 NTU
-0.1768
-0.3127 to -0.0408
Yes
0.0171
17β- Estradiol (E2)
Fisher's LSD
Mean Diff. 95.00% CI of diff.
Significant? P Value
0.0 NTU vs. 2.0 NTU
0.321
0.1744 to 0.4676
Yes
0.001
0.0 NTU vs. 60.0 NTU
0.09973
-0.04685 to 0.2463
No
0.1553
2.0 NTU vs. 60.0 NTU
-0.2213
-0.357 to -0.08554
Yes
0.0055
17α-Ethynylestradiol (EE2)
Fisher's LSD
Mean Diff. 95.00% CI of diff.
Significant? P Value
0.0 NTU vs. 2.0 NTU
0.2854
0.1568 to 0.4141
Yes
0.0009
0.0 NTU vs. 60.0 NTU
0.2728
0.1441 to 0.4015
Yes
0.0012
2.0 NTU vs. 60.0 NTU
-0.01262
-0.1318 to 0.1065
No
0.8131
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Table 4B.3. Post-hoc p-values with Fisher's LSD for Multiple Comparisons at Variable
DOC Concentrations
17β-Estradiol (E2)
Fisher's LSD
Mean Diff. 95.00% CI of diff. Significant? P Value
0.0 vs. 0.5 mg L-1
-0.117
-0.4257 to 0.1918
No
0.4078
-1
0.0 vs. 15.0 mg L
0.3051
-0.00363 to 0.6139
No
0.0522
0.5 vs. 15.0 mg L-1
0.4221
0.1362 to 0.708
Yes
0.0093
Table 4B.4. Post-hoc p-values for Fisher's LSD for Multiple Comparisons with EC vs
Conventional Coagulation
Estradiol (E1)
Fisher's LSD
Mean Diff. 95.00% CI of diff. Significant? P Value
EC with Iron vs. CC - Ferric
0.9123
0.6593 to 1.165
Yes
<0.0001
EC with Iron vs. CC - Ferrous
0.6917
0.4387 to 0.9447
Yes
0.0001
CC - Ferric vs. CC - Ferrous
-0.2205
-0.4735 to 0.03248
No
0.0808
17β-Estradiol (E2)
Fisher's LSD
Mean Diff. 95.00% CI of diff. Significant? P Value
EC with Iron vs. CC - Ferric
0.9149
0.6642 to 1.166
Yes
<0.0001
EC with Iron vs. CC - Ferrous
0.6829
0.4322 to 0.9336
Yes
0.0001
CC - Ferric vs. CC - Ferrous
-0.232
-0.4827 to 0.01872
No
0.0662
Estriol (E3)
Fisher's LSD
Mean Diff. 95.00% CI of diff. Significant? P Value
EC with Iron vs. CC - Ferric
0.7493
0.5818 to 0.9167
Yes
<0.0001
EC with Iron vs. CC - Ferrous
0.6917
0.5242 to 0.8592
Yes
<0.0001
CC - Ferric vs. CC - Ferrous
-0.05757
-0.225 to 0.1099
No
0.4614
17α-Ethynylestradiol (EE2)
Fisher's LSD
Mean Diff. 95.00% CI of diff. Significant? P Value
EC with Iron vs. CC - Ferric
0.7493
0.5818 to 0.9167
Yes
<0.0001
EC with Iron vs. CC - Ferrous
0.6917
0.5242 to 0.8592
Yes
<0.0001
CC - Ferric vs. CC - Ferrous
-0.05757
-0.225 to 0.1099
No
0.4614
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Table 4B.5. Post-hoc p-values for Fisher's LSD for Multiple Comparisons for EC and
Oxidant Scavenging Tests
Estradiol (E1)
Fisher's LSD
Mean 95.00% CI of diff. Significant
P
Diff.
?
Value
EC Only vs. EC with t-BuOH
0.182
0.01885 to 0.346
Yes
0.0342
4
EC Only vs. EC with MeOH
0.338
0.1749 to 0.502
Yes
0.0023
4
EC with t-BuOH vs. EC with
0.156 -0.00752 to 0.3196
No
0.0583
MeOH
17β-Estradiol (E2)
Fisher's LSD
Mean 95.00% CI of diff. Significant
P
Diff.
?
Value
EC Only vs. EC with t-BuOH
0.38
0.2492 to 0.5107
Yes
0.0004
EC Only vs. EC with MeOH
0.555
0.4246 to 0.6861
Yes
<0.00
3
01
EC with t-BuOH vs. EC with
0.175 0.04461 to 0.3061
Yes
0.0168
MeOH
4
Estriol (E3)
Fisher's LSD
Mean 95.00% CI of diff. Significant
P
Diff.
?
Value
EC Only vs. EC with t-BuOH
0.225 0.04136 to 0.4086
Yes
0.0241
EC Only vs. EC with MeOH
0.487
0.3034 to 0.6706
Yes
0.0006
EC with t-BuOH vs. EC with
0.262 0.07836 to 0.4456
Yes
0.013
MeOH
*EE2 was removed below the detection limit.
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Appendix 4C. Ultrasonic Assisted Extraction
Table 4C. Extraction recovery
17βEstradiol
Estradiol
(E1)
(E2)
27
3
107
14

LOD (µg L-1)
LOQ (µg L-1)

3
14

17αEthynylestradiol
(EE2)
13
51

Estriol
(E3)

Initial Concentration
(µg L-1)

460

440

469

452

Final Concentration
(µg L-1)

N.D.

<14

<14

<51

Percent Removal (%)

100

98

98

97

130
121
138
N.D.
N.D.
N.D.

80
87
96
<14
<14
<14

87
94
101
<14
<14
<14

65
69
77
N.D.
N.D.
N.D.

137

116

126

108

Spiked Sample*
(µg L-1)
Unspiked Sample
(µg L-1)
Average Percent
Recovery (%)

1
2
3
1
2
3

Standard Deviation
19
9
8
7
*Spiked concentrations were 68 µg L-1 for E1, 69 µg L-1 for E2 and E3, and 65
µg L-1 for EE2.
N.D. = Non-detect
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Appendix 4D. Role of oxidation in EC for the removal of estrogenic compounds and
the determination of the major removal mechanism

120

P ercen t R em o v a l (% )

E C O n ly
100
80

E C w ith t-B u O H

*

*

* *

*

60

E C w ith M e O H

*

*

40
20
0
E

1

E

2

E

3
E

E

2

Figure 4D. Removal of E1, E2, E3, and EE2 for an EC test with iron electrodes (n=3)
compared to a test with oxidant scavengers of 0.25 M t-BuOH (n=3) or 0.95 M MeOH
(n=3). E1, E2, and E3 were significantly different for all tests (p-values < 0.007). There
was no significant difference for EE2 (p-value =0.77). The error bars represent the
standard error of the mean. Asterisks indicate significant difference between all other
conditions within a single estrogenic compound. Bars indicate difference between
specific conditions.

Table 4D.1 EE2 dosed EC reactor results for transformation to E1, E2, and E3
E1
E2
E3
EE2
Time
S/N*
S/N
S/N
S/N
Test
Area
Area
Area
Area
(min.)
Ratio
Ratio
Ratio
Ratio
0
N.P.
N.P.
N.P.
N.P.
N.P. N.P. 290053 140.19
1
5
4675
3.6
N.P.
N.P.
N.P. N.P. 223636 123.24
120
12701
3.98
N.P.
N.P.
N.P. N.P.
N.P.
N.P.
0
N.P.
N.P.
N.P.
N.P.
N.P. N.P. 286970 137.65
2
5
9614
3.72
N.P.
N.P.
N.P. N.P. 246019 119.68
120
12719
4.89
N.P.
N.P.
N.P. N.P.
N.P.
N.P.
N.P. = No peak
S/N Ratio = signal-to-noise ratio
*S/N Ratio ≥ 3.0 sample is detectable; S/N Ratio ≥ 10.0 sample is quantifiable.
Data indicate that E1 was formed from oxidation of EE2
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Table 4D.2 E2 dosed EC reactor results for transformation to E1, EE2, and E3
E1
E2
E3
EE2
Time
S/N*
S/N
S/N
S/N
Test
Area
Area
Area
Area
(min.)
Ratio
Ratio
Ratio
Ratio
0
N.P.
N.P.
47574
118.9 N.P. N.P.
N.P.
N.P.
1
120
N.P.
N.P.
19042
25.62 1651 3.45
N.P.
N.P.
0
N.P.
N.P.
133863 318.1 N.P. N.P.
N.P.
N.P.
2
120
N.P.
N.P.
26517
5.1
8750 8.25
N.P.
N.P.
N.P. = No peak
S/N Ratio = signal-to-noise ratio
*S/N Ratio ≥ 3.0 sample is detectable; S/N Ratio ≥ 10.0 sample is quantifiable.
Data indicate that E3 was formed from oxidation of E2
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Appendix 5A. Experimental system schematic

Figure 5A. Schematic of sequential EC-EO batch treatment process.
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Appendix 5B. Iron doses and energy consumption in EC based on time and current
density

Iron dose was calculated using Faraday’s Law (H. Liu et al., 2010):
𝑤=

𝑖𝑡𝑀
𝑛𝑓

Where: i = current density (A cm-2)
w = quantity of electrode material dissolved (g cm-2)
t = time (sec)
n = number of electrons in redox reaction; 2 for Fe(II) from Fe(0) off the
electrode (Dubrawski & Mohseni, 2013b)
M = molar mass of electrode material (g mol-1)
F = Faraday’s constant, 96,500 C mol-1
Table 5B.1. Iron doses based on electrolysis time and associated energy consumption
Iron Dose (mg L-1 as
Dose Time (min) Fe(III))
Energy (kWh m-3)
0
0
0.00
2
28
0.25
4
56
0.45
6
83
0.67
8
111
0.89
10
139
1.16
Table 5B.2. Iron doses based on electrolysis current density and associated energy
consumption
Current Density Iron Dose (mg L-1 as
(mA cm-2)
Fe(III))
Energy (kWh m-3)
0
0
0.00
2
22
0.04
4
44
0.14
9
89
0.58
17
167
1.80
33
333
6.00
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Coagulant Dose (mg L-1 as Fe)

Appendix 5C. Relationship between initial humic acid concentration and required
coagulant dose
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Figure 5C. Relationship of coagulant dose of iron III required to achieve 88% removal of
UV-VIS254 and initial humic acid concentration during EC.

